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In	  bulk	  heterojunction	  (BHJ)	  thin	  film	  organic	  photovoltaics	  (OPV),	  morphology	  control	  is	  
critical	   to	   obtain	   good	   device	   efficiency.	   Nanoscale	   phase	   separation	   that	   creates	  
bicontinuous	   interpenetrating	   structure	   on	   a	   size	   scale	   commensurate	   with	   exciton	  
diffusion	  length	  (~10	  nm)	  is	  thought	  to	  be	  the	  ideal	  morphology.	  Results	  obtained	  from	  
this	   work	   indicate	   that	   morphology	   can	   be	   affected	   by	   chemical	   structure	   of	   the	  
polymer,	  processing	  conditions,	  blending	  ratio	  and	  post	  treatments.	  Physical	  properties	  
of	   the	   material,	   such	   as	   crystallinity,	   crystal	   orientation,	   material	   interactions	   and	  
miscibility,	   surface	   energy	   and	   particle	   aggregations	   are	   critical	   for	   determining	   the	  
morphology	   and	   thus	   the	   device	   performance.	   Previous	   investigations	   on	   poly(3-­‐
hexylthiophene)	   (P3HT)	   based	   OPV	   study	   yielded	   a	   solid	   structure-­‐property	   relation.	  
	  v	  
However,	  different	  physical	  properties	  of	  polymers	  preclude	  the	  direct	  transfer	  of	  P3HT	  
knowledge	  to	  better-­‐performing	  low	  band	  gap	  polymer	  OPVs,	  for	  which	  the	  morphology	  
is	   directly	   obtained	   from	   solvent	   casting.	   This	   thesis	   discovered	   commonalities	   of	   low	  
band	   gap	   polymer	   based	  OPVs.	   Two	   important	   photoactive	   polymers	   (PTB7	   and	  DPP)	  
are	   chosen,	   each	   with	   specific	   properties.	   In	   particular,	   the	   function	   of	   additives	   in	  
morphology	   controls	   was	   investigated.	   Fibril	   formation	   at	   the	   ~10	   nanometer	   scale	  
proved	   crucial	   for	   obtaining	   high	   performance	   in	   solar	   cells.	   Besides	   these	   typical	  
crystalline	  structures,	  mixed	  regions	  also	  proved	   important.	  The	  mesh	  size	  of	   the	  fibril	  
network	  largely	  determined	  the	  current	  of	  the	  device,	  and	  thus	  determined	  the	  power	  
conversion	  efficiency.	   The	  aggregation	  behavior	  of	  polymer	   chains	  also	   influenced	   the	  
BHJ	   morphology.	   Besides	   the	   fibril	   network	   picture,	   we	   also	   observed	   multi-­‐length	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Organic	  photovoltaic	  (OPV)	  technology	  that	  uses	  conjugated	  organic	  materials	  is	  
thought	   as	   one	   of	   the	   promising	   clean	   and	   renewable	   energy	   sources	   to	   address	   the	  
grand	   challenges	   of	   the	   energy	   issue	   in	   the	   near	   future.1	   With	   the	   development	   of	  
solution	   processable	   bulk	   heterojunction	   (BHJ)	   OPVs,2	   this	   technology	   became	   even	  
more	  exciting,	  since	  the	  well-­‐established	  industrial	  wet	  coating	  and	  printing	  streamlines	  
can	  be	  directly	  implemented	  in	  high	  throughput	  device	  fabrication.	  As	  a	  result,	  low	  cost,	  
thin	   flexible	   plastic	   based	   OPVs	   can	   be	   produced.	   The	  more	   recent	   developments	   of	  
transparent	   electrodes	   and	   high	   efficiency	   semi-­‐transparent	   cells3,4	   has	   enabled	   the	  
integration	  of	  OPV	  technology	  into	  building	  materials,	  like	  curtains	  and	  windows,	  taking	  
advantage	  of	  the	  intrinsic	  nature	  of	  UV	  absorption.	  
In	  the	  past	  two	  decades,	  tremendous	  improvement	  of	  BHJ	  OPV	  performance	  has	  
been	  achieved	  and	  recently	  it	  has	  surpassed	  the	  10%	  barrier.5	  This	  achievement	  resulted	  
from	   combined	   efforts	   of	  material	   improvement	   and	  device	   optimization,	   from	  which	  
they	   mutually	   benefited.	   The	   further	   development	   will	   be	   relying	   on	   a	   more	  
sophisticated	   combination	   of	   material	   science,	   device	   physics,	   interface	   science	   and	  
optical	  science.	  	  Such	  a	  highly	  interdisciplinary	  research	  frontier	  calls	  for	  more	  talents	  to	  
address	   the	   fundamental	   challenges	   in	   organic	   photovoltaic	   research.	   It	   also	   requires	  
	  2	  
more	  high-­‐powered	   techniques	   to	   reveal	   the	   subtle	   electronic	  process	   in	   the	  blended	  
zone.6-­‐8	   The	   commercialization	   of	   this	   technology	   will	   also	   call	   for	   input	   from	  
manufacturing	   engineering.	   Production	   instruments,	   processes,	   ink	   formulas,	   all	   these	  
will	  be	  key	  in	  OPV	  research.	  9-­‐11	  
	  
1.2	  Basics	  of	  Organic	  Solar	  Cells	  
The BHJ OPV cell is a thin film device comprised of a mixture of a donor 
material and acceptor material that is sandwiched between a pair of asymmetric 
electrodes. This active layer will be phase separated to form interconnected bicontinuous 
network to enhance the donor-acceptor interfacial area, noted as the bulk heterojunction. 
2,12 The donor material, either a polymer or a small molecule, forms hole-transporting 
pathways to the anode, while the acceptor material, either fullerenes or an inorganic 
material, forms the electron-transporting pathway to the cathode (Figure 1.1a shows the 
device structure and phase separated morphology of the active layer). Conjugated donor 
materials absorb light, are transformed into an excited state and produce bound electron-
hole pairs or excitons. These excitons diffuse between the domains of the donor and 
acceptor material and dissociate to form positive and negative charge carriers, due to the 
energy level offset at that interface.13 Figure 1.1b showed this physical process.14 Once 
dissociated, the carriers are transported through the bicontinuous donor and acceptor 
pathways to their respective electrodes.14 The phase separated structure, or morphology is 
critical in obtaining good device performance. In general, the length scale of each domain 
	  3	  
should be in commensurate with that of exciton diffusion length (~10 nm) to enhance the 
light extraction and reduces recombination.15   
	  
Figure	   1.1	   (a)	   structure	   and	   morphology	   of	   BHJ	   solar	   cell	   devices;	   (b)	   the	   physical	  
process	  of	  BHJ	  solar	  cell	  devices.	  Reprinted	  from	  ref.	  14.	  
	  
	  Showing	  in	  Figure	  1.2	  is	  the	  performance	  of	  organic	  solar	  cells.	  The	  blue	  line	  is	  the	  dark	  
current	  I-­‐V	  curve	  and	  the	  red	  line	  is	  the	  photon	  current	  I-­‐V	  curve.	  To	  evaluate	  a	  device,	  
open	   circuit	   voltage	   (VOC),	   short	   circuit	   current	   (JSC)	   and	   fill	   factor	   are	   the	   main	  
parameters	  that	  need	  to	  be	  obtained.	  Their	  definition	  is	  shown	  in	  Figure1.2	  and	  major	  
contributions	   are	   also	   listed.	   When	   solar	   cell	   devices	   are	   measured	   under	   dark	  
conditions,	  they	  are	  common	  diodes,	  thus	  all	  knowledge	  from	  diode	  can	  be	  applied	  here	  
to	  analysis	  the	  devices.	  When	  devices	  are	  measured	  under	  light,	  the	  photocurrent	  (Iph)	  
will	  add	  up	  to	  normal	  diode	  current,	  as	  shown	  in	  red	  I-­‐V	  curve	  in	  Figure	  1.2.	  The	  power	  
conversion	  efficiency	  (PCE)	  η	   is	  defined	  as	  the	  maximum	  power	  that	  can	  be	  generated	  
from	  the	  I-­‐V	  curve	  divided	  by	  input	  solar	  radiation.	  The	  detailed	  definition	  is	  also	  shown	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in	  Figure	  1.2.	  From	  this	  figure,	  we	  can	  see	  that	  maximize	  PCE	  needs	  to	  optimize	  VOC,	  JSC	  
and	  FF.	  	  
	  
Figure	   1.2	   Typical	   I-­‐V	   characteristics	   of	   an	   OPV	   cell	   in	   the	   dark	   (blue	   line)	   and	  
illumination	  (red	  line)	  conditions.	  The	  short-­‐circuit	  current	  density	  (Isc)	  and	  open-­‐circuit	  
voltage	  (Voc)	  are	  shown.	  The	  maximum	  output	  power	  (Pmax)	  is	  given	  by	  the	  rectangle	  
Imax×Vmax.,	  and	  the	  power	  conversion	  efficiency	  η	  is	  calculated.	  
	  
1.3	  Morphology	  
A	   tremendous	   number	   of	   new	   OPV	   materials	   are	   being	   made	   each	   year	   that	  
have	   pushed	   device	   efficiencies	   to	   the	   10%	   barrier.	   However,	   a	   clear	   relationship	  
between	   the	  material	   properties	   and	   device	   performance	   has	   not	   been	   fully	   realized.	  
The	   intrinsic	  electronic	   structure	  of	   the	  OPV	  materials,	   such	  as	  absorption	  and	  energy	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levels,	   can	   be	   well	   tuned	   in	   the	   synthesis.	   Yet,	   research	   has	   shown	   that	  many	   other	  
factors,	   in	  particular	   the	  morphology,	  can	   influence	  device	  performance.	  The	  chemical	  
constitution	  of	  each	  component	  dictates	   its	   function,	   the	  manner	   in	  which	   it	   interacts	  
with	   other	   materials,	   its	   ability	   to	   phase	   separate	   in	   a	   well-­‐defined	   manner,	   and	   its	  
ability	   to	   order	   in	   crystalline	   or	   aggregate	   structure.	   Each	   of	   these	   will	   influence	   the	  
orientation,	   crystal	   structure	   and	  morphology	   of	   the	   active	   layer	   and,	   ultimately,	   the	  
electronic	  structure	  and	  properties	  and	  device	  efficiency.16	  	  
Currently,	   in	  BHJ	  OPV	   research,	  polymer-­‐fullerene	  blends	  dominate,	   since	   they	  
are	   easy	   to	   fabricate	   by	   solution	   processing	   methods	   and	   have	   relatively	   high	  
performance.	   A	   bicontinuous	   interpenetrating	   network	   of	   donor/acceptor	   domains	   is	  
obtained	   by	   processing	   the	   polymer-­‐fullerene	   blends	   by	   different	   methods.	   The	   BHJ	  
structure	  is	  close	  to	  being	  ideal	  for	  OPV	  devices,	  with	  a	  large	  donor-­‐acceptor	  interfacial	  
area	  and	  bicontinuous	  channels	  for	  electron	  and	  hole	  carrier	  transport.	  This	  produces	  a	  
large	  increase	  of	  the	  short	  circuit	  current	  density,	  Jsc.	  There	  have	  been	  intensive	  studies	  
on	   the	   morphology	   of	   BHJ	   blends	   in	   the	   past,	   aiming	   to	   understand	   the	   structure-­‐
property	   relationship.	   Some	   important	   findings	   and	   key	   parameters	   that	   determine	  
morphology	   have	   been	   discovered,	   though	   our	   knowledge	   is	   still	   far	   from	   being	  
complete.	  We	  now	  know	  that	  the	  degree	  of	  phase	  separation,	  the	  crystal	  structure	  and	  
orientation,	   the	   degree	   of	   crystallinity,	   the	   miscibility	   of	   the	   components,	   and	   the	  
distribution	   of	   the	   components	   within	   the	   active	   layers	   are	   the	   key	   factors	   in	  
determining	   the	  morphology-­‐performance	   relationship.	   Processing	   conditions,	   such	   as	  
the	  choice	  of	  solvent,	  annealing	  conditions	  and	  the	  use	  of	  additives,	  strongly	   influence	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the	  morphology	  and,	  hence,	  device	  performance.16	  The	  richness	  of	  material	  choices	   in	  
making	   the	   blends	   adds	   to	   the	   complexity	   of	   developing	   a	   full	   road	  map	   of	   chemical	  
structure-­‐processing	  condition-­‐morphology-­‐performance	  relationship.	  	  
	  
1.4	  Characterization	  Methods	  
In	   a	   BHJ	   active	   layer,	   typically	   a	   100-­‐200	   nm	   thick	   film,	   the	   morphology	   of	   a	  
multi-­‐phased	  system	  can	  be	  different	   in	  the	  plane	  of	  and	  normal	  to	  the	  surface	  of	  the	  
film.	   	   Consequently,	   a	   quantitative	   characterization	   of	   the	   morphology,	   in	   essence,	  
requires	  a	  three	  dimensional	  description.	  Here	  I	  will	  first	  briefly	  discuss	  some	  techniques	  
commonly	  used	  to	  characterize	  the	  morphology	  (Scheme	  1.1)	  and	  the	  reader	  is	  referred	  
to	  more	   detailed	   summaries	   of	   characterization	   techniques.6,16-­‐19	   The	   characterization	  
will	  be	  discussed	  in	  terms	  of	  (i)	  the	  lateral	  phase	  separation,	  i.e.	  density	  correlations	  in	  
the	   plane	   of	   the	   film,	   (ii)	   concentration	   variations	   normal	   to	   the	   film	   surface	   (vertical	  
segregation)	  and	  (iii)	  the	  structure	  and	  morphology	  at	  the	  surface.	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Scheme	  1.1	  Summary	  of	  techniques	  that	  are	  common	  used	  in	  characterize	  morphology.	  
	  
Lateral	   morphology	   is	   the	   most	   important	   in	   OPVs	   and	   it	   defines	   the	   size	   of	  
phase	  separation.	  The	  most	  commonly	  used	  real	  space	  method	  is	  transmission	  electron	  
microscopy	   (TEM),	   which	   can	   be	   used	   for	   imaging,	   diffraction	   or	   spectroscopy	   with	  
spatial	   resolution	  on	  the	  nanometer	   to	  sub-­‐nanometer	  scale	  and	   it	   is	  one	  of	   the	  most	  
effective	   tools	   in	   OPV	   morphology	   studies.	   Here	   a	   beam	   of	   electron	   is	   accelerated	  
through	  a	  thin	  section	  of	  a	  material	  where	  the	  electrons	  are	  either	  absorbed,	  scattered	  
or	  diffracted.	  Due	  to	  the	  large	  depth	  of	  field,	  the	  elastically	  scattered	  electrons	  produce	  
a	   planar,	   two-­‐dimensional	   projected	   view	  of	   the	  morphology	   throughout	   the	   film.20-­‐22	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When	  equipped	  with	  energy	  filters,	  TEM	  can	  be	  used	  to	  map	  the	  elemental	  composition	  
of	  the	  active	  layer	  by	  taking	  advantage	  of	  inelastically	  scattered	  electrons	  that	  lose	  some	  
of	   their	   energy	   due	   to	   interactions	   with	   the	   specimen.	   Scattering	   methods	   such	   as	  
grazing	   incidence	   small	   angle	   x-­‐ray	   scattering	   (GISAXS),	   small	   angle	  neutron	   scattering	  
(SANS)	   and	   resonant	   soft	   x-­‐ray	   scattering	   (RSoXS)	   are	   also	   well-­‐established	   lateral	  
morphology	   characterization	   methods,	   each	   with	   their	   specific	   contrast	   mechanisms.	  
Compared	  to	  TEM,	  scattering	  methods	  is	  more	  efficient	  and	  provide	  size	  statistics	  of	  the	  
morphology,	   though	   the	  morphology	   picture	   cannot	   be	   provided.	   These	  methods	   are	  
complimentary	  to	  TEM.	  Besides,	  scattering	  methods	  have	  more	  flexibility	  in	  sample	  and	  
experimental	  conditions;	  more	  complicated	  experiments	  such	  as	  In-­‐Situ	  thermal/solvent	  
annealing	  can	  be	  done.	  	  
Understanding	  and	  characterizing	  composition	  variations	  normal	   to	   the	  surface	  
of	   the	   film	   is	   as	   important,	   if	   not	   more	   important	   than	   the	   lateral	   morphology.	   For	  
example,	  the	  top	  and	  bottom	  interfaces	  of	  an	  active	  layer	  can	  be	  enriched	  or	  depleted	  
in	   one	   of	   the	   charge	   carrier	   components	   as	   a	   result	   of	   processing	   or	   post	   processing	  
conditions.	  Enrichment	  of	  hole-­‐transporting	  components	  near	  the	  anode,	   for	  example,	  
can	   facilitate	   hole	   extraction	   by	   essentially	   acting	   as	   an	   electron-­‐blocking	   layer	   at	   the	  
anode.	   Similarly,	   an	   enrichment	   of	   an	   electron-­‐transporting	   component	   near	   the	  
cathode	   can	   act	   as	   a	   hole-­‐blocking	   layer	   for	   the	   cathode.	   It	   is	   also	  possible	   to	  have	   a	  
composition	   gradient	   in	   the	   direction	   normal	   to	   the	   plane	   of	   the	   film.	   	   Vertical	  
morphology	  is	  usually	  characterized	  by	  real	  space	  image	  such	  as	  cross-­‐section	  TEM	  and	  
scanning	   electron	   microscopy	   (SEM);	   or	   depth	   profile	   methods	   such	   as	   Dynamic	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secondary	   ion	   mass	   spectroscopy	   (DSIMS)	   and	   Neutron	   reflectivity	   (NR)	   and	   X-­‐ray	  
reflectivity	  (XRR)	  
The	   top	   surface	  morphology	   of	   a	   spin-­‐cast	   thin	   film	   is	   also	   of	   interest	   in	   OPV	  
research	   since	   it	   provides	   information	   of	   surface	   topology	   and	   roughness.	   SEM	   is	   a	  
commonly	   used	   surface	   characterization	   technique.	   The	   interaction	   of	   incident	  
electrons	  with	  the	  sample	  can	  produce	  backscattered	  electrons	  or	  secondary	  electrons,	  
which	  are	  detected	  to	  generate	  topographical	  image.	  Atomic	  force	  microscopy	  (AFM)	  is	  
another	   useful	   technique	   to	   characterize	   surface	   topography	   with	   10-­‐100	   nm	   length	  
scale	  heterogeneity.	  	  
Besides	   these	   above-­‐mentioned	   morphology	   characterizations,	   localized	  
material	   properties,	   such	   as	   chain	   orientation	   and	   crystalline	   structure	   are	   also	  
important	  features	  in	  BHJ	  OPV.	  The	  crystalline	  structure	  including	  crystal	  packing,	  crystal	  
size	   and	   orientation	   is	   characterized	   by	   grazing	   incidence	   x-­‐ray	   diffraction	   (GIXD).	  	  
Details	   of	   chain	   orientations	   are	   probed	   by	   near	   edge	   x-­‐ray	   absorption	   fine	   structure	  
(NEXAFS)	  uses	  polarized	  soft	  x-­‐rays.	  	  
	  
1.5	  Milestones	  in	  Morphology	  Investigations	  
There	   have	   been	   important	   observations	   in	   BHJ	   morphology	   previously	   and	  
scientist	  realized	  that	  materials	  and	  morphology	  are	  equally	  important	  in	  obtaining	  high	  
efficiency	  devices.	   	  The	  chemical	  constitution	  of	  each	  component	  dictates	   its	   function,	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the	  manner	  in	  which	  it	   interacts	  with	  other	  materials,	   its	  ability	  to	  phase	  separate	  in	  a	  
well-­‐defined	  manner,	  and	  its	  ability	  to	  order	  in	  crystalline	  or	  aggregate	  structure.	  Each	  
of	   these	  will	   influence	   the	  orientation,	   crystal	   structure	  and	  morphology	  of	   the	  active	  
layer	  and,	  ultimately,	  the	  electronic	  structure	  and	  properties	  and	  device	  efficiency.16	  The	  
recognition	  that	  morphology	  is	  as	  important,	   if	  not	  more	  important,	  than	  the	  chemical	  
structure,	  has	  resulted	  in	  the	  use	  of	  a	  significant	  number	  of	  high	  resolution	  techniques	  
that	  have	  been	  brought	   to	  bear	  without	   the	  need	  of	  chemical	   labeling	  and,	   therefore,	  
minimal	   perturbation	   to	   the	   system.	   The	   availability,	   development	   and	   use	   of	   these	  
high-­‐powered	   techniques	   have	   led	   to	   an	   unprecedented	   development	   in	   our	  
understanding	  of	   the	  structure	  and	  morphology	  of	   the	  active	   layer	   in	  OPVs	  has	   led,	   in	  
turn,	  to	  a	  better	  understanding	  of	  a	  structure-­‐performance	  relationship	  and	  to	  the	  full	  
ability	  of	  realizing	  the	  potential	  of	  the	  OPV	  materials.	  
Early	  stage	  of	  morphology	  investigations	  is	  mostly	  based	  on	  Poly(1,4-­‐phenylene	  
vinylene)	   (PPV)-­‐based	   polymers.23	   An	   important	   breakthrough	   in	   MDMO-­‐PPV	   OPV	  
research	   was	   done	   by	   Shaheen	   et	   al.	   in	   2001,	   who,	   for	   the	   first	   time,	   noticed	   that	  
processing	  solvent	  strongly	  affect	  the	  device	  efficiency.	  A	  2.5%	  efficiency	  was	  reported	  
under	   AM	   1.5	   standard	   solar	   radiation.24	   By	   casting	   the	   PPV-­‐PCBM	   blends	   from	  
chlorobenzene	   rather	   than	   toluene,	   large	   scaled	   phase	   separation	  was	   avoided.	   Thus,	  
device	  efficiency	  was	  improved.	  More	  detailed	  morphology	  characterization	  was	  carried	  
out	  subsequently.25-­‐27	  Showing	  in	  Figure	  1.3	  is	  the	  morphology	  change	  by	  using	  different	  
processing	  solvents.28-­‐30	  It	  was	  observed	  that	  toluene	  processed	  thin	  films	  had	  large	  size	  
PCBM	   aggregates,	   which	   limited	   the	   charge	   carrier	   generation	   efficiency	   (see	   Figure	  
	  11	  
1.3a,	   1.3c	   for	   detail).	   In	   fact	   those	  PCBM	  aggregates	  were	   covered	  by	   a	   thin	  polymer	  
skin,	   which	   blocked	   the	   electron	   transporting	   to	   the	   cathode.31	  When	   chlorobenzene	  
was	  used	  as	  the	  processing	  solvent,	  the	  BHJ	  think	  film	  became	  much	  more	  smooth	  and	  
uniform.	   Large	   PCBM	   clusters	   were	   not	   observed	   and	   no	   large-­‐scale	   vertical	  
stratification	   occurred	   (see	   Figure	   1.3b,	   1.3d	   for	   detail).	   PPV	   polymer	   formed	  
nanospheres,	  ~20-­‐30	  nm	  in	  radius,	  and	  created	  percolated	  pathways	  for	  both	  electrons	  
and	  holes.28	  These	  results	  are	  consistent	  with	  Shaheen’s	  observation.	  	  
	  
Figure	   1.3 (a)	  TEM	   images	  of	  MDMO-­‐PPV:PCBM	  films	   (1:4	  wt	   ratio)	  prepared	  by	  spin-­‐
coating	  from	  toluene.	  (b)	  TEM	  images	  of	  MDMO-­‐PPV:PCBM	  films	  (1:4	  wt	  ratio)	  prepared	  
by	   spin-­‐coating	   from	   chlorobenzene.	   (c)	   SEM	   side	   views	   (cross-­‐sections)	   of	   MDMO-­‐
PPV/PCBM	  blend	  films	  cast	   from	  toluene	  with	  weight	  ratios	  of	  1:4.	   (d)	  SEM	  side	  views	  
(cross-­‐sections)	  of	  MDMO-­‐PPV/PCBM	  blend	  films	  cast	  from	  chlorobenzene	  with	  weight	  
ratios	  of	  1:4.	  Reprint	  from	  ref.	  28	  and	  30.	  
	  12	  
	  
Regioregular	   poly(3-­‐hexyltiophene)	   (P3HT)	   is	   another	   popular	   material	   in	   OPV	  
research,	   due	   to	   its	   good	   performance	   and	   richness	   in	   morphology.32,33	   Tremendous	  
effort	  has	  been	  devoted	  to	  P3HT	  to	  understanding	  it	  structure-­‐property	  relationship.	  It	  
was	  noticed	  that	  the	  structure	  and	  morphology	  for	  P3HT	  thin	  films	  is	  quite	  complicated,	  
depending	  on	   the	  quality	  of	   the	  polymer	  as	  well	  as	   the	  processing	  conditions.16	   It	  has	  
been	   continuously	   reported	   that	   regioregularity,34-­‐36	  molecular	   weight,37-­‐40	   processing	  
solvents,41	   annealing	   conditions33	   and	   substrate	   surfaces42	   all	   affect	   the	   thin	   film	  
morphology.	   The	   major	   observation	   in	   this	   system	   is	   the	   thermal	   induced	   phase	  
separation.	   When	   P3HT:PCBM	   blends	   were	   directly	   spin	   coated	   onto	   PEDOT:PSS	  
surfaces	   from	   a	   commonly	   used	   solvent,	   such	   as	   chlorobenzene,	   no	   obvious	   phase	  
separation.	   Thermal	   annealing	   (usually	   at	   150	   oC)	   of	   the	   thin	   film	   was	   shown	   to	   be	  
effective	  in	  increasing	  the	  device	  performance.21,43-­‐45	  This	  simple	  thermal	  treatment	  can	  
increase	  the	  crystallinity	  of	  P3HT	  and	  drive	  the	  phase	  separation	  of	  P3HT:PCBM	  blends	  
to	   form	   a	   bi-­‐continuous	   morphology.21	   It	   was	   also	   shown	   that	   “post-­‐annealing”	   was	  
more	   effective	   than	   “pre-­‐annealing”	   (“Pre-­‐annealing”	   is	   where	   the	   blend	   film	   is	  
annealed	  before	   the	   deposition	  of	   cathode,	   and	   “post-­‐annealing”	   is	  where	   cathode	   is	  
evaporated	   onto	   the	   blend	   film	   prior	   to	   thermal	   annealing.43	   ).	   Post-­‐annealing	   led	   to	  
increases	   in	   both	   the	   Jsc	   and	   FF,45	   and	   the	   hole-­‐mobility.44	   It	   was	   shown	   that	   post-­‐
annealing	   not	   only	   produces	   an	   suitable	   sized	   lateral	   phase	   separation,	   but	   also	  
improves	  the	  vertical	  segregation	  of	  PCBM.43	  Showing	   in	  Figure	  1.4	   is	   the	  morphology	  
details	  for	  post-­‐annealed	  P3HT:PCBM	  blends.	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Figure	   1.4	   (a)	   SANS	  profiles	  of	   P3HT/PCBM	  blend	   films.	  As	   spun,	   (black	   triangle);	   pre-­‐
annealed	   30	  min	   (blue	   triangle);	   post-­‐annealed	   5	   s	   (red	   triangle);	   post-­‐annealed	   30	   s	  
(green	   triangle);	   post-­‐annealed	   1	   min	   (brown	   triangle);	   post-­‐annealed	   5	   min	   (aqua	  
triangle);	   post-­‐annealed	   30	   min	   (purple	   triangle);	   and	   post-­‐annealed	   1	   h	   (orange	  
triangle).	  The	  inset	  represents	  the	  correlation	  length	  (a)	  and	  the	  scattering	  invariant	  (Q)	  
versus	   the	   post-­‐annealing	   time.	   (b)	   HRTEM	   of	   cross	   sections	   of	   P3HT/PCBM	   based	  
multilayered	  samples	  post-­‐annealed	  30	  min	  heating	  at	  150	  oC.	  The	  insets	  represent	  high	  
magnification.	  Reprint	  from	  ref.	  43.	  
	  
Low	  band	  gap	   (LBG)	   conjugated	  polymers	  are	   currently	   the	  most	  efficient	  OPV	  
materials.46	  Efficiencies	  up	  to	  9.2%	  have	  been	  reported	   for	  single	   layered	  BHJ	  devices.	  
47,48	  Understanding	  the	  morphology	  of	  LBG	  based	  OPV	  is	  an	   important	  topic	   in	  current	  
OPV	   research.	   A	   common	   feature	   of	   LBG	   OPV	   is	   the	   use	   of	   solvent	   additive	   in	  
morphology	   optimization,	   which	   was	   first	   observed	   by	   Heeger	   and	   coworker	   using	  
cyclopentadithiophene	   based	   donor-­‐acceptor	  material	   (PCPDTBT).49,50	   PCPDTBT	   shows	  
high	  hole	  mobility	   in	  the	  range	  of	  uf.e-­‐h	  ~10-­‐3	   -­‐	  10-­‐2	  cm2	  V-­‐1	  s-­‐1.51	  Unfortunately,	  devices	  
based	  on	  PCPDTBT/PC71BM	  blends,	  spin-­‐coated	  from	  chlorobenzene	  (CB),	  only	  showed	  
a	   moderate	   efficiency	   of	   2.8%.49	   Thermal	   annealing	   did	   not	   improve	   the	   device	  
performance	  either.	  However,	  addition	  of	  a	  small	  amount	  of	  processing	  additives,	  such	  
a b 
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as	  1,8-­‐octancedithiol	   (ODT)	  or	  1,8-­‐diiodooctane	  (DIO)	  significantly	   improves	  the	  device	  
efficiency	   to	   5.5%.49,50	   This	   approach	  was	   proven	   to	   be	   effective	   in	   systems	   involving	  
many	   other	   low	   band	   gap	   polymers	   and	   became	   a	   standard	   device	   preparation	  
technique	   for	   low	   band	   gap	   OPV	   fabrication.	   The	   combination	   of	   various	  
characterization	   suggested	   that	   the	   use	   of	   additives	   enhanced	   both	   PCPDTBT	   chain	  
packing,	   as	   well	   as	   phase	   separation	   between	   PCPDTBT	   and	   PCBM	   leading	   to	   the	  
improved	   electron	   and	   hole	   mobility	   through	   the	   percolated	   network	   with	   reduced	  
carrier	  loss.51-­‐54	  The	  processing	  additives	  are	  inherently	  bad	  solvents	  (or	  at	  least	  showed	  
a	  reduced	  equilibrium	  solubility	  compared	  to	  major	  solvent)	   for	  polymer,	  but	  they	  are	  
good	  solvent	  for	  PCBM.	  The	  boiling	  points	  of	  these	  additives	  are	  much	  higher	  than	  that	  
of	   the	   primary	   solvent.	   During	   evaporation	   of	   the	   mixed	   solvents,	   good	   solvent	  
evaporated	   faster	  which	  deteriorated	  the	  solvent	  quality	   for	   the	  polymer	  causing	   it	   to	  
aggregate	  and	  crystallize	   into	  fibrillar	   form.	  On	  the	  other	  hand,	  PCBM	  is	  soluble	   in	  the	  
additive	   and	   remained	   dispersed	   in	   the	   wet	   film	   resulting	   in	   high	   mobility	   of	   PCBM	  
particles	  that	  can	  be	  excluded	  from	  the	  PCPDTBT	  domains.50	  Near	  the	  end	  of	  film	  drying	  
process,	   the	   remaining	   polymer	   and	   PCBM	  mixture	   is	   deposited	   between	   the	   already	  
formed	  fibrillar	  networks.	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Figure	  1.5	  Schematic	  depiction	  of	  the	  role	  of	  the	  processing	  additive	  in	  the	  self-­‐assembly	  
of	  bulk	  heterojunction	  blend	  materials.	  Reprint	  from	  ref.	  50.	  
	  
1.6	  Structure	  of	  the	  Thesis	  
The	   following	   part	   of	   this	   thesis	   is	   separated	   into	   three	   parts.	   The	   first	   part	  
discussed	  the	  morphology	  of	  PTB7	  based	  low	  band	  gap	  polymer	  OPV,	  with	  most	  of	  the	  
results	  coming	  from	  my	  recent	  publication	  in	  Advanced	  Energy	  Materials	  (Liu,	  F.;	  Zhao,	  
W.;	  Tumbleston,	  J.	  R.;	  Wang,	  C.;	  Gu,	  Y.;	  Wang,	  D.;	  Briseno,	  A.	  L.;	  Ade,	  H.;	  Russell,	  T.	  P.	  
Understanding	   the	   Morphology	   of	   PTB7:PCBM	   Blends	   in	   Organic	   Photovoltaics.	   Adv.	  
Energy	   Mater.	   2014,	   4,	   in	   press.	   ).	   The	   second	   part	   summarized	   the	   structure	   and	  
property	   relationship	   of	   DPP	   based	   conjugated	   polymers,	   with	   most	   of	   the	   results	  
coming	   from	  my	   previous	   two	   publications	   in	   Advanced	  Materials	   and	   Journal	   of	   The	  
American	  Chemical	  Society	  ((1)	  Liu,	  F.;	  Gu,	  Y.;	  Wang,	  C.;	  Zhao,	  W.;	  Chen,	  D.;	  Briseno,	  A.	  
L.;	  Russell,	  T.	  P.	  Efficient	  Polymer	  Solar	  Cells	  Based	  on	  a	  Low	  Bandgap	  Semi-­‐Crystalline	  
DPP	   Polymer-­‐PCBM	   Blends.	   Adv.	   Mater.	   2012,	   24,	   3947–3951.	   (2)	   Liu,	   F.;	   Wang,	   C.;	  
Baral,	   J.	   K.;	   Zhang,	   L.;	   Watkins,	   J.	   J.;	   Briseno,	   A.	   L.;	   Russell,	   T.	   P.	   Relating	   Chemical	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Structure	  to	  Device	  Performance	  via	  Morphology	  Control	  in	  Diketopyrrolopyrrole-­‐Based	  
Low	  Band	  Gap	  Polymers.	  J.	  Am.	  Chem.	  Soc.	  2013,	  135,	  19248–19259.).	  The	  third	  part	  is	  a	  
discussion	  of	  possible	  future	  directions	  of	  structure	  characterizations	  in	  OPVs.	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CHAPTER	  2	  
MORPHOLOGY	  CHARACTERIZATION	  OF	  PTB7	  BASED	  LOW	  BAND	  GAP	  POLYMER	  BHJ	  
SOLAR	  CELLS:	  UNDERSTANDING	  THE	  MORPHOLOGY	  
2.1	  Introduction	  
	   Polymer-­‐based	   bulk	   heterojunction	   (BHJ)	   organic	   photovoltaics	   (OPV)	   are	  
emerging	  as	  a	  cost-­‐effective	  renewable	  energy	  source	  with	  efficiencies	  now	  approaching	  
10%	   for	   a	   single	   layer	   device.1,2	   Given	   the	   advances	   in	   the	   synthesis	   of	   photoactive	  
polymers,	   further	   improvement	   of	   device	   performance	   requires	   understanding	   and	  
controlling	   the	   kinetically-­‐trapped	   morphologies	   of	   polymer-­‐based	   BHJ	   OPVs.3	   This	  
requires	   understanding	   and	   controlling	   the	   thermodynamics,	   e.g.	   polymer/solvent,	  
polymer/small	  molecule	  and	  polymer/additive	  interactions,	  and	  the	  kinetics	  of	  multiple	  
processes,	  e.g.	   solvent	  evaporation,	  polymer	  aggregation	  and	  ordering,	   inter-­‐diffusion,	  
and	  phase	  separation.	  Consequently,	  monitoring	  the	  development	  of	  the	  structure	  and	  
morphology	  as	  each	  of	   these	  kinetic	  processes	  unfolds	   is	  critical,	  not	  only	   for	   tailoring	  
the	  morphology	  of	  isolated	  devices	  to	  improve	  efficiency	  but	  also	  to	  optimize	  processing	  
conditions	   for	   large-­‐scale	  processing,	   like	  roll-­‐to-­‐roll.	   In	   this	  study,	  we	   investigated	  the	  
low	   band	   gap	   polymer	   (poly[[4,8-­‐bis[(2-­‐ethylhexyl)oxy]benzo[1,2-­‐b:4,5-­‐b']dithiophene-­‐
2,6-­‐diyl][3-­‐fluoro-­‐2-­‐[(2-­‐ethylhexyl)carbonyl]thieno[3,4-­‐b]thiophenediyl]]),	   abbreviated	  
as	  PTB7,4-­‐7	  which	  has	  the	  structure	  shown	  in	  Fig.	  1a.	  PTB7	  is	  an	  interesting	  conjugated	  
polymer,	  showing	  a	  low	  highest	  occupied	  molecular	  orbital	  (HOMO)	  energy	  level,	  which	  
helps	   to	   increase	   the	   open	   circuit	   voltage	   (Voc)	   of	   the	   resultant	   solar	   cell	   devices.	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Solution-­‐cast	   thin	   films	   of	   PTB7	   show	   a	   “face-­‐on”	   crystal	   orientation,	   although	   the	  
crystallinity	  was	  shown	  to	  be	  low.8	  The	  use	  of	  a	  chemical	  additive,	  like	  1,8-­‐diiodooctane	  
(DIO),	   increases	   the	   short	   circuit	   current	   of	   the	  devices.	  Despite	   device	   efficiencies	   of	  
9.2	  %	  has	  been	  obtained,9,10	  the	  morphology	  of	  PTB7:PCBM	  mixtures	  is	  still	  not	  clear.11-­‐
13	   The	   general	   debate	   is	   whether	   the	   blends	   form	   a	   hierarchical	   structure	   or	   PCBM	  
aggregation	  dominates	  the	  morphology.	  An	  answer	  to	  that	  would	  require	  more	  detailed	  
real-­‐space	  morphology	  investigation	  and	  a	  more	  rational	  explanation	  of	  the	  reciprocal-­‐
space	   scattering	   characteristics.	   Besides	   a	   better	   description	   of	   static	   thin	   film	   blend	  
morphology,	   the	   kinetic	   nature	   of	   the	   morphological	   development	   and	   the	   role	   of	  
different	  components	  in	  the	  film	  forming	  process	  remain	  unknown.	  Here	  we	  present	  a	  
structural	  and	  morphological	  study	  of	  PTB7:PCBM	  mixtures	  to	  elucidate	  the	  relationship	  
between	  the	  morphology	  and	  device	  performance.14,15	  The	  thermodynamics	  of	  mixing	  is	  
studied	   by	   a	   bilayer-­‐interdiffusion	   approach,16	   where	   we	   see	   PTB7	   crystallites	   are	  
dissolved	  during	  the	  diffusion	  process.	  The	  diffusion	  driven	  morphology	  is	  different	  from	  
solution-­‐cast	  thin	  film.	  For	  devices	  prepared	  in	  this	  manner,	  the	  efficiency	  is	  much	  less	  
than	  that	  obtained	  by	  conventional	  device	  fabrication.	  	  	  
	  
2.2	  Experimental	  
2.2.1	  Materials	  and	  Methods	  
Light	   absorbing	   material	   PTB7	   is	   obtained	   from	   1-­‐materials	   (Lot	   #	   YY2-­‐134),	  
PC71BM	   (PCBM)	   was	   obtained	   from	   American	   Dye	   Source	   (Lot	   #	   11F009E).	   The	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Deuterated	   PCBM,	   ([6,6]-­‐Pentadeuterophenyl	   C61	   butyric	   acid	   methyl	   ester),	   was	  
purchased	  from	  Sigma-­‐Aldrich.	  Solvents	  such	  as	  chlorobenzene,	  1,8-­‐diiodooctane	  were	  
obtained	  from	  Sigma-­‐Aldrich.	  The	  indium	  tin	  oxide	  (ITO)-­‐coated	  glass	  substrates	  (20	  ±	  5	  
ohms/sq)	  were	  bought	  from	  Thin	  Film	  Devices	  Inc.	  
2.2.2	  Device	  Fabrication	  and	  Measurement	  
	   ITO	  glass	  was	  cleaned	  by	  ultrasonic	   treatment	   in	  detergent,	  DI	  water,	  acetone,	  
and	  isopropanol.	  Each	  step	  was	  15	  minutes.	  Then	  ITO	  glass	  was	  dried	  in	  oven	  overnight.	  
PEDOT:	  PSS	  (CLEVIOS	  4083)	  was	  spin-­‐coated	  onto	  UV	  ozone-­‐treated	  ITO	  glass	  (~35	  nm).	  
After	  annealing	  at	  150	  oC	   for	  30	  min	   in	  air,	   the	  substrates	  were	  transferred	  to	  a	  glove	  
box.	   To	   make	   BHJ	   device,	   PTB7:PCBM	   =1:1.5	   weight	   ratio	   blend	   was	   prepared,	   and	  
dissolved	  in	  chlorobenze	  or	  chlorobenze:1,8-­‐diiodoocatane	  solvent	  mixture	  (3	  v%).	  ~100	  
nm	  thin	  film	  (measured	  by	  KLA-­‐TENCOR	  Alpha-­‐Step	  IQ	  Surface	  Profiler)	  was	  prepared	  by	  
spin	  coating	  to	  fabricate	  devices.	  Finally,	  LiF	  (1.5	  nm)/Al	  (100nm)	  was	  thermal	  deposited	  	  
(2x10-­‐4	   Pa)	   to	   complete	   the	   circuit.	   To	  make	   bilayer	   devices,	   ZnO	  was	   first	   fabricated	  
onto	   ITO	   substrate	   using	   sol-­‐gel	  method.	   PCBM	  was	   spin-­‐coated	   onto	   ZnO.	   PTB7	  was	  
spin-­‐casted	  on	  a	  PSS	  (~10	  nm)	  coated	  wafer	  substrate,	  and	  then	  flow	  transferred	  onto	  
PCBM	  layer.	  After	  the	  bilayer	  was	  fabricated,	  it	  was	  put	  under	  the	  vacuum	  overnight	  to	  
get	  rid	  of	  residual	  water.	  And	  then	  was	  annealed	  under	  N2	  atmosphere.	  Then	  a	  10	  nm	  
MoO3	  was	   thermally	  evaporated	  onto	  bilayers,	   followed	  by	  a	  100	  nm	  of	  Ag	   layer.	  The	  
device	   area	   is	   6	   mm2.	   All	   current-­‐voltage	   (I-­‐V)	   characteristics	   of	   the	   devices	   were	  
measured	  under	   simulated	  AM1.5G	   irradiation	   (1002	  mW/cm	   )	   using	   a	   Xe	   lamp-­‐based	  
Newport	  91160	  300-­‐W	  Solar	  Simulator.	  A	  Xe	  lamp	  equipped	  with	  an	  AM1.5G	  filter	  was	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used	  as	  the	  white	  light	  source.	  The	  light	  intensity	  was	  adjusted	  with	  an	  NREL-­‐calibrated	  
Si	   solar	   cell	  with	   a	   KG-­‐5	   filter.	  Quantum	  efficiency	  measurements	  were	  made	   using	   a	  
300-­‐W	  Xe	  lamp,	  Acton	  2150i	  monochromatic,	  optical	  chopper,	  and	  lock-­‐in	  amplifier.	  The	  
monochromatic	  beam	  was	   focused	   into	  an	  area	   smaller	   than	   the	  device	  area	  and	   the	  
photon	  flux	  was	  determined	  using	  a	  Newport	  calibrated	  silicon	  photodiode.	  
2.2.3	  Grazing	  Incidence	  X-­‐ray	  Diffraction	  (GIXD)	  
GIXD	  measurements	  were	  performed	  on	  Beamline	  7.3.3	  at	   the	  Advanced	  Light	  
Source	  (ALS)	  at	  the	  Lawrence	  Berkeley	  National	  Laboratory	  or	  Beamline	  11-­‐3	  at	  Stanford	  
Synchrotron	  Radiation	  Lighthouse	  (SSRL).	  The	  experimental	  set-­‐up	  and	  sample	  cell	  were	  
designed	  for	  the	  surface	  studies	  on	  thin	  films.	  An	  X-­‐ray	  beam	  impinged	  onto	  the	  sample	  
at	  a	  grazing	  angle	  above	  and	  below	  the	  critical	  angle	  of	  the	  polymer	  film	  (αc	  =	  0.16)	  but	  
below	   the	   critical	   angle	   of	   the	   silicon	   substrate	   (αc	   =	   0.22).	   The	  wavelength	  of	   X-­‐rays	  
used	   was	   1.240	   Å,	   and	   the	   scattered	   intensity	   was	   detected	   by	   Pilatus	   1M	   detector	  
(LBNL)	  or	  Mar345	  image	  plate	  (SSRL).	  The	  samples	  were	  put	  in	  helium	  chamber	  during	  
the	  measurement	  to	  get	  rid	  of	  air	  scattering.	  Beam	  center	  and	  the	  sample-­‐to-­‐detector	  
distance	   were	   calibrated	   using	   silver	   behinet.	   Diffraction	   data	   were	   reduced	   by	   Nika	  
software	  package	  or	  Waxdiff	  software	  package.	  
2.2.4	  Grazing	  Incidence	  Small-­‐Angle	  X-­‐ray	  Scattering	  (GISAXS)	  
GISAXS	  measurements	  were	  performed	  on	  Beamline	  7.3.3	  at	  the	  Advanced	  Light	  
Source	  (ALS)	  at	  the	  Lawrence	  Berkeley	  National	  Laboratory.	  The	  experiment	  set-­‐up	  was	  
the	   same	   to	   that	   of	  GIXD	  except	   a	   longer	   sample-­‐to-­‐detector	   distance	   is	   used	   (~3800	  
mm).	  The	  samples	  were	  put	  in	  atmosphere	  and	  a	  vacuum	  flying	  tube	  is	  used	  to	  reduce	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the	   air	   scattering.	   Beam	   center	   and	   the	   sample-­‐to-­‐detector	   distance	   were	   calibrated	  
using	  silver	  behinet.	  Diffraction	  data	  were	  reduced	  by	  Nika	  software	  package.	  
2.2.5	  Resonant	  Soft	  X-­‐ray	  Scattering	  (RSoXS)	  
	   RSoXS	   experiments	   were	   performed	   at	   beamline	   11.0.1.2	   at	   ALS	   Lawrence	  
Berkeley	  National	  Lab.	  BHJ	  thin	  films	  for	  the	  measurement	  were	  prepared	  the	  same	  way	  
as	  that	  in	  solar	  cell	  devices.	  Thin	  films	  were	  flowed	  and	  transferred	  onto	  Si3N4	  (100	  nm)	  
substrate.	   RSoXS	   was	   done	   in	   high	   vacuum	   (1	   x	   10-­‐7	   torr)	   in	   transmission	   geometry.	  
Before	   measurement,	   near	   edge	   X-­‐ray	   absorption	   fine	   structure	   was	   recorded,	   and	  
photon	  energy	  at	  284.2	  eV	  was	  selected	  to	  enhance	  the	  contrast.	  Scattering	  at	  several	  
different	  sample-­‐to-­‐detector	  distance	  were	  recorded	  and	  then	  scattering	  profiles	  were	  
merged.	   Data	   processing	   was	   done	   using	   Igor	   macros	   package	   developed	   by	   the	  
beamline.	  
2.2.6	  Scan	  Transmission	  X-­‐ray	  Microscopy	  (STXM)	  
	   STXM	  was	  done	  at	  beamline	  5.3.2	  Lawrence	  Berkeley	  National	  Lab.	  Near	  edge	  x-­‐
ray	   absorption	   fine	   structure	   (NEXAFS)	   was	   recorded	   either	   on	   beamline	   11.0.1.2	   or	  
5.3.2	   Lawrence	   Berkeley	   National	   Lab.	   Different	   energies	  were	   selected	   to	   perform	   a	  
STXM	  compositional	  analysis.	  Miscibility	  measurement	  was	  done	  by	  annealing	  the	  blend	  
sample	  at	  180	   °C	   for	  4	  days	   to	  drive	   the	  system	   into	   thermodynamic	  equilibrium,	  and	  





2.2.7	  Transmission	  Electron	  Microscopy	  (TEM)	  
	   Bright-­‐field	   transmission	   electron	   microscopy	   studies	   were	   conducted	   with	   a	  
JEOL	  2000	  FX	  TEM	  operating	  at	  an	  accelerating	  voltage	  of	  200	  kV.	  BHJ	  thin	  film	  samples	  
were	  prepared	  the	  same	  way	  as	  that	  in	  devices,	  and	  then	  flow	  transferred	  to	  400-­‐mesh	  
TEM	  copper	  grids.	  	  
2.2.8	  Atomic	  Force	  Microscopy	  (AFM)	  
	   AFM	   was	   performed	   on	   a	   Digital	   Instruments	   Dimension	   3100,	   operating	   in	  
tapping	  mode.	  Thin	  film	  samples	  either	  in	  BHJ	  devices	  or	  bilayer	  devices	  were	  prepared,	  
and	  then	  directly	  scanned	  by	  AFM	  instrument.	  
2.2.9	  Conducting	  Atomic	  Force	  Microscopy	  (c-­‐AFM)	  
	   Conducting	   AFM	   measurements	   was	   performed	   on	   Asylum	   Research	   Atomic	  
Force	   Microscopes	   system	   using	   contact	   mode.	   BHJ	   thin	   film	   was	   prepared	   onto	  
ITO/PEDOT:PSS	  substrate.	  A	  small	  positive	  bias	  (0-­‐2V)	  was	  applied	  to	  ITO	  to	  inject	  holes	  
and	  platinum	  SPM	  tip	  was	  used	  as	  current	  collector.	  	  
2.2.10	  Dynamic	  Secondary	  Ionic	  Mass	  Spectroscopy	  (DSIMS)	  
	   DSIMS	   measurement	   was	   done	   by	   using	   the	   SIMS	   system:	   6650	   Quadrupole	  
SIMS	  (Physical	  Electronics	  USA,	  Chanhassen,	  MN).	  Beam	  energy	  was	  2	  kV	  using	  Ar+	  ions	  
as	   the	  primary	   ions,	  and	   the	  beam	  diameter	  was	  20	  microns,	   raster	  was	  350	  microns.	  
Base	  pressure	  was	  always	  below	  1	  x	  10-­‐9	  torr.	  
	  
2.3	  Results	  and	  Discussions	  
2.3.1	  BHJ	  Thin	  Film	  Devices	  and	  Morphology	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   The	   BHJ	   devices	   of	   PTB7:PCBM	   blends	   (structure	   shown	   in	   Figure	   2.1a)	   were	  
fabricated	  using	  LiF	  (1.5nm)/Al(100nm)	  as	  the	  cathode.	  Two	  processing	  conditions	  were	  
used:	   spin-­‐casting	   from	  a	   chlorobenzene	   (CB)	   solution	  and	   spin-­‐casting	   from	  a	  CB:DIO	  
(2.5	   v%)	   solvent	   mixture.	   Shown	   in	   Table	   2.1	   and	   Figure	   2.1b	   are	   the	   results	   of	   the	  
device	  performances.	  Devices	  processed	  without	  DIO	  had	  a	  short	  circuit	  current	  (Jsc)	  of	  ~	  
7	  mA/cm2,	  while	  with	  DIO	  the	  Jsc	   increased	  to	  ~15	  mA/cm2,	  suggesting	  a	   larger	  donor-­‐
acceptor	   interfacial	   area	   and,	   consequently,	   a	  much	   finer	  morphology.	   The	   fill	   factors	  
(FFs)	   of	   the	  DIO	  processed	  devices	  were	   also	  higher,	   arising,	  more	   than	   likely,	   from	  a	  
more-­‐balanced	   transport	   of	   both	   carriers.	   The	   drastic	   differences	   in	   device	  
performances	  clearly	  indicate	  that	  the	  morphologies	  of	  the	  active	  layers	  prepared	  with	  




Figure	  2.1	  (a)	  Chemical	  structure	  of	  PTB7	  and	  PC
71
BM	  used	  in	  the	  study;	  (b)	  BHJ	  device	  
performance	   processed	   with	   and	   	   without	   DIO	   additive,	   with	   chlorobenzene	   as	   the	  
major	  solvent;	  (c)	  GIXD	  of	  PTB7:PCBM	  blended	  thin	  film	  processed	  with	  and	  without	  DIO	  
(CB:chlorobenzene;	  OOP:	  out-­‐of-­‐plane	  direction;	  IP:	  in-­‐plane	  direction).	  Reprint	  from	  Liu	  
et	  al,	  Adv.	  Energy	  Mater.	  2014,	  4,	  in	  press.	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Table	  2.1	  Device	  performance	  
Device Voc (V) 
Jsc 
(mA/cm2) 
FF (%) PCE (%) 
CB 0.73 7.4 41 2.2 
CB:DIO 0.70 15.4 60 6.4 
	  
	   Shown	  in	  Figure	  2.2a	  were	  the	  in	  plane	  and	  out-­‐of-­‐plane	  grazing	  incidence	  wide-­‐
angle	  x-­‐ray	  diffraction	  (GIXD)	  profiles	  of	  PTB7	  thin	  film.	  In	  the	  out-­‐of-­‐plane	  data	  of	  the	  
as-­‐spun	   thin	   film,	   a	   reflection	   at	   1.6	   Å-­‐1	   was	   seen,	   corresponding	   to	   a	   p-­‐p	   stacking	  
distance	   of	   3.86	   Å.	   The	   in-­‐plane	   data	   showed	   a	   weak	   reflection	   at	   0.32	   Å-­‐1,	  
corresponding	  to	  the	  interchain	  separation	  distance	  of	  19.5	  Å	  between	  the	  (100)	  planes.	  
From	   these	  data,	   the	  as-­‐spun	   film	  exhibited	  a	   “face-­‐on”	   crystal	  orientation	  which	  was	  
conducive	   to	   carrier	   transport	   normal	   to	   the	   film	   surface,	   i.e.	   in	   the	   direction	   of	   the	  
electrodes.13	  The	  persistence	  of	  the	  interchain	  	  π-­‐π	  stacking	  along	  the	  (010)	  direction	  in	  
the	  out-­‐of-­‐plane	  data	  was	  calculated	  to	  be	  	  ~22	  Å,	  corresponding	  to	  5-­‐6	  planes.	  Thermal	  
annealing	  the	  as-­‐spun	  film	  at	  150	  oC	  for	  10	  minutes	  did	  not	  change	  the	  crystal	  structure	  
or	  orientation,	  but	  increased	  the	  persistence	  of	  the	  π-­‐π	  stacking	  slightly	  to	  6-­‐7	  planes.	  In	  
the	  thin	  film	  blends	  (with	  and	  without	  DIO),	  the	  face-­‐on	  orientation	  was	  reduced	  (Figure	  
2.1c	  and	   Figure	   2.2c).	  Although	   the	   reflection	   corresponding	   to	   the	  π-­‐π	   stacking	  peak	  
slightly	  overlapped	  with	  the	  PCBM	  peak,	  the	  (100)	  spans	  azimuthally	  from	  the	  in-­‐plane	  




Figure	   2.2	   	   Line-­‐cut	   profiles	   (a)	   and	   images	   (b)	   of	   GIXD	   of	   pure	   PTB7,	   as	   spun	   and	  
annealed	   at	   15	   °C	   for	   10	  min;	   (b)	   GIXD	   image	   of	  PTB7:PCBM	   processed	   from	   CB	   and	  
CB:DIO.	  	  
	  
	   The	   lateral	   phase	   separation	  of	   the	  blended	   thin	   film	  was	   studied	  by	   resonant	  
soft	   x-­‐ray	   scattering	   (RSoXS)	  at	  284.2	  eV.17,18	   The	   scattering	  profiles	  of	  CB	  and	  CB:DIO	  
solution-­‐cast	  mixtures	  are	  shown	  	  in	  Figure	  2.3a.	  	  For	  the	  CB	  solution-­‐cast	  film,	  a	  strong	  
reflection	  at	  0.0018	  Å-­‐1	  was	  observed,	   corresponding	   to	  a	  distance	  of	  ~350	  nm;	  and	  a	  
weak	  shoulder	  at	  0.0044	  Å-­‐1	  was	  seen,	  which	  corresponds	  to	  a	  spacing	  of	  ~143	  nm.	  The	  
CB:DIO	  processed	  sample	  showed	  a	  broad	  peak	  located	  at	  0.0048	  Å-­‐1,	  corresponding	  to	  
a	   distance	   of	   	   131	   nm.	   The	   high	   q	   region	   of	   CB:DIO-­‐cast	   thin	   film	   fell	   off	   slowly,	  
suggesting	  a	  broad	  size	  distribution	  of	  domains	  or,	  in	  the	  least,	  the	  existence	  of	  a	  finer	  
size	   scale	   morphology.	   This	   observation	   indicates	   the	   blends	   casted	   from	   solvent	  
mixture	  process	  show	  a	  multi-­‐length	  scaled	  morphology,	  which	   is	  similar	  to	  the	  earlier	  
observation.13	   Complementary	   grazing	   incidence	   small-­‐angle	   x-­‐ray	   scattering	   (GISAXS)	  
was	  used	  to	  probe	  the	  in-­‐plane	  electron	  density	  correlations.19	  As	  shown	  in	  Figure	  2.3b,	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the	  scattered	  intensity	  from	  the	  film	  cast	  from	  pure	  CB	  decreased	  in	  a	  sharp,	  monotonic	  
manner.	   	  This	   indicated	  that,	   if	  the	  film	  was	  phase	  separated,	  then	  either	  the	  domains	  
were	  too	  large	  to	  be	  observed,	  beyond	  the	  resolution	  of	  the	  instruments,	  or	  that	  there	  
was	  no	  well-­‐defined	  size	  or	  separation	  distance	  of	  the	  domains.	  For	  the	  thin	  film	  casted	  
from	  the	  CB:DIO	  mixture,	  a	  broad	  hump	   in	   the	  scattering	  was	  seen	  at	  0.015-­‐0.03	  Å-­‐1	   ,	  
from	  which	  a	  center-­‐to-­‐center	  domain	  spacing	  of	  20-­‐40	  nm	  was	  calculated,	  which	  is	  on	  
the	  same	  size	  scale	  as	   the	   reported	  exciton	  diffusion	   length	   in	  conjugated	  polymers.20	  
This	   small	   domain	   size	  was	   appears	   to	   be	   the	  major	   reason	   for	   the	   improved	   device	  
performance,	   particularly	   for	   Jsc,	   since	   the	   interfacial	   area	   between	   the	   donor	   and	  
acceptor	   domains	   is	   directly	   coupled	   to	   the	   surface-­‐to-­‐volume	   ratio	   of	   the	   domains,	  
which	  increases	  with	  smaller	  sized	  domains.3	  	  
	  
Figure	  2.3	   (a)	  RSoXS	  of	  PTB7:PCBM	  blends	  processed	  from	  chlorobenzene	  solution	  and	  
chlorobenzene-­‐DIO	   solvent	   mixture	   at	   284.2	   eV	   photon	   energy;	   (b)	   GISAXS	   of	  
PTB7:PCBM	  blends	  processed	  with	  and	  without	  DIO	  at	  10	   keV	  photon	  energy.	  Reprint	  
from	  Liu	  et	  al,	  Adv.	  Energy	  Mater.	  2014,	  4,	  in	  press.	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   Transmission	  electron	  microscopy	  (TEM)	  was	  used	  to	  provide	  real	  space	  images	  
of	   the	   blends.	   Shown	   in	  Figure	   2.4a	   are	   the	   data	   for	   a	   CB-­‐cast	   thin	   film	   blends.	   Dark	  
regions	  that	  are	  several	  hundred-­‐nanometer	  in	  size	  were	  seen.	  Since	  PCBM	  has	  a	  higher	  
electron	  density,	  it	  is	  reasonable	  to	  assume	  that	  the	  darker	  areas	  were	  either	  PCBM-­‐rich	  
domains	  or	  areas	  where	  the	  film	  is	  much	  thicker.	  The	  center-­‐to-­‐center	  spacing	  of	  these	  
regions	  was	  300-­‐	  400	  nm,	  which	  correlated	  well	  with	   the	  reflection	  seen	   in	   the	  RSoXS	  
experiments.	  The	  surface	   features	  of	   the	   thin	   film	  were	  characterized	  by	  atomic	   force	  
microscopy	  (AFM),	  showing	  a	  similar	  size	  feature	  of	  sphere	  aggregations	  (Figure	   2.4d),	  
indicating	   that	   the	  mass-­‐thickness	  contrast	  also	  contributed	   tot	  he	  scattering	  signal.	  A	  
compositional	   analysis	   of	   this	   film	   was	   carried	   out	   using	   scanning	   transmission	   x-­‐ray	  
microscopy	   (STXM),	   which	   uses	   the	   difference	   in	   x-­‐ray	   absorption	   characteristics	   to	  
generate	   contrast	   (Figure	   2.5).	   The	   results	   from	   STXM	   (Figure	   2.6a-­‐c)	   unequivocally	  
show	  that	  the	  large	  domains	  are	  PCBM-­‐rich	  and	  contain	  ~70%	  PCBM.	  The	  lighter	  areas	  
in	   the	   TEM	   image	   are	   PTB7-­‐rich	   but	   also	   contain	   ~30%	   PCBM.	   The	   concentration	   of	  
PCBM	  in	  the	  lighter	  areas	  of	  the	  micrograph	  was	  close	  to	  the	  miscibility	  limit	  of	  PCBM	  in	  
PTB7	  (see	  Figure	   2.7,	  a	  miscibility	  of	  27%	  was	  obtained),	   indicating	  that	  the	  miscibility	  
limit	  could	  be	  key	  in	  defining	  this	  morphology.	  Besides	  the	  PCBM	  aggregates	  in	  the	  CB-­‐
processed	   thin	   film,	  we	  observed	   that	   branched	   aggregates	   (darker	   areas)	   permeated	  
the	  entire	  film,	  with	  an	  average	  spacing	  about	  150	  nm,	  This	  corresponded	  to	  the	  weak	  




Figure	  2.4	  (a)	  TEM	  of	  blended	  thin	  film	  processed	  without	  DIO;	  (b)	  TEM	  of	  blended	  thin	  
film	  processed	  with	  DIO;	   (c)	  TEM	  of	  PTB7	   thin	   film	  processed	   from	  chlorobenzene;	   (d)	  
SFM	  of	  blended	  thin	  film	  processed	  without	  DIO	  (height	  and	  phase);	  (e)	  SFM	  of	  blended	  
thin	   film	   processed	   with	   DIO	   (height	   and	   phase).	   Reprint	   from	   Liu	   et	   al,	   Adv.	   Energy	  













Figure	   2.6	   (a)	   STXM	   (284.4	   eV	   photon	   energy)	   of	   PTB7:PCBM	   blends	   processed	   from	  
chlorobenzene,	   the	   spheres	   are	   PCBM	   enriched	   area;	   (b)	   line-­‐cut	   (blue	   line	   in	   STXM	  
image)	   PCBM	   compositional	   analysis	   of	   STXM	   result;	   (c)	   thickness	   variation	   of	   the	  
blended	   thin	   film	   by	   assuming	   a	   1.3g/cm
2
	  material	   density;	   (d)	   DSIMS	   of	   PTB7:PCBM	  
blends	   processed	  with	   DIO	   (black:	   H	   signal;	   blue:	   sulfur	   signal;	   red:	   D	   signal).	  Reprint	  





Figure	   2.7	   (a)	   STXM	   image	   of	   PTB7:PCBM	   thin	   films	   processed	   from	   chlorobenzene	  
(284.4	  eV	  photon	  energy	   is	  PCBM	  sensitive;	  287.4	  eV	   is	  PTB7	   sensitive;	  320	  eV	   is	   film	  
thickness	  sensitive	  since	  both	  components	  have	  similar	  absorption	  at	   this	  energy.);	   (b)	  
Miscibility	  measurement	  of	  annealed	  blends	  at	  180	  °C	  for	  4	  days.	  
	  
	   For	  blends	  cast	  from	  the	  CB:DIO	  mixture,	  PCBM	  was	  uniformly	  distributed	  in	  the	  
film	   (Figure	   2.4b).	   Different	   components	   were	   also	   uniformly	   distributed	   in	   vertical	  
direction	  (Figure	  2.5d).	  Besides	  this	  homogeneous	  morphology,	  we	  see	  black-­‐branched	  
aggregates	   permeate	   throughout	   the	   thin	   film,	   similar	   to	   that	   observed	   in	   none	   DIO	  
processed	   thin	   film.	   The	   inter-­‐branch	   distance	   was	   ~140	   nm,	   similar	   to	   the	   spacing	  
observed	   in	   RSOXS.	   Collins	   et	   al	   concluded	   that	   this	   spacing	   was	   due	   to	   PCBM	  
aggregates,	  based	  on	  refined	  STXM	  characterization.11	  Besides	  the	  branched	  aggregates,	  
a	   textured	  morphology	  was	   seen,	   though	  not	  well	   resolved,	  with	   feature	   sizes	  on	   the	  
tens	  of	  nanometer	  length	  scale	  (the	  area	  in-­‐between	  the	  aggregates),	  which	  is	  close	  to	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size	   scale	  observed	   in	  GISAXS.	  Consequently,	   the	  combined	  scattering	  and	  microscopy	  
measurements	  reflect	  a	  multi-­‐length	  scale	  morphology:	  one	  on	  the	  tens	  of	  nanometer	  
size	  scale	  and	  one	  on	  the	  hundreds	  of	  nanometer	  size.	  TEM	  of	  the	  pure	  PTB7	  film	  cast	  
from	  CB	  was	  also	  performed.	  Similar	  branched	  aggregate	  structures	  were	  seen	  (Figure	  
2.4c).	  Consequently,	  we	  can	  conclude	  that	  the	  branched	  aggregates	  in	  thin	  film	  blends	  
(with	  and	  without	  additive)	  observed	  in	  this	  study	  arise	  from	  PTB7	  that,	  from	  the	  GIXD	  
measurements,	   assume	   a	   predominantly	   face-­‐on	   orientation.	   The	   (010)	   direction	   is	  
consisted	  of	  5-­‐6	  π-­‐π	  stacks,	  so	  these	  aggregates	  cannot	  be	  thick.	  It	  would	  be	  tempting	  to	  
argue	  that	  this	  morphology	  is	  similar	  to	  above-­‐mentioned	  hierarchical	  structure	  claimed	  
by	   Darling	   and	   coworkers.13	   Yet	   this	   observation	   by	   combining	   scattering	   and	  
microscopy	   in	   fact	   shows	  distinctive	  different	  natures.	  We	  did	  not	   see	  clear	  PTB7	   rich	  
domains	  inside	  the	  blended	  thin	  film.	  Instead,	  we	  observed	  two	  different	  ordered	  state	  
of	   PTB7	   in	   the	   blends	   processed	   from	   solvent	   mixture.	   The	   smaller	   size	   of	   phase	  
separation	  is	  clearly	  induced	  by	  solvent	  additive	  assisted	  processing,	  which	  will	  lead	  to	  a	  
higher	   short	   circuit	   current	   in	   device.	   The	   larger	   aggregations,	   as	   observed	   in	   both	  
processing	  methods,	   are	   due	   to	   physical	   nature	   of	   PTB7.	   By	   combining	   the	  GIXD	   and	  
orientation	   results	   of	   PTB7	   crystals,	   we	   suspect	   that	   those	   branched	   aggregates	   are	  
face-­‐on.	  The	  smaller	  PTB7	  ordered	  structures	  formed	  by	  additive	  assisted	  processing	  are	  
most	   probably	   edge-­‐on.	   Their	   combination	   cancels	   the	   overall	   face-­‐on	   orientation	   as	  
observed	  in	  pure	  polymer	  thin	  films.	  
	   The	   electrical	   properties	   of	   PTB7:PCBM	   blended	   thin	   films	  were	   studied	   using	  
conducting-­‐AFM	  (in	  a	  hole-­‐collection	  mode).	  Figure	   2.8a	   showed	   the	  surface	   topology	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and	   current	   map	   of	   a	   CB-­‐cast	   thin	   film.	   The	   hundreds-­‐nanometer-­‐sized	   spheres	   are	  
PCBM	  aggregates.	  These	  gave	  rise	  to	  topographic	  features	  leading	  to	  height	  variations	  in	  
the	   tens	   of	   nanometer	   range.	   In	   the	   current	  map,	   the	   overall	   current	   amplitude	  was	  
small,	   with	   large	   variations	   evident.	   Those	   areas,	   corresponding	   to	   the	   PCBM	  
aggregates,	   strongly	   blocked	   hole	   currents,	   as	   evidenced	   by	   the	   black	   spheres	   in	   the	  
image.	  Thin	   film	  processed	   from	  CB:DIO	  mixture	  on	   the	  other	  hand	  was	  quite	  smooth	  
(Figure	   2.8b).	   The	   overall	   current	   distribution	   was	   also	   uniform,	   indicating	   a	   more	  
homogenized	   hole-­‐conductivity.	   Although	   there	   were	   small	   features	   (a	   few	   tens	   of	  
nanometers	  in	  size)	  in	  the	  current	  map,	  it	  was	  difficult	  to	  correlate	  these	  directly	  to	  the	  
features	  observed	  by	  TEM.	   	  This	   is	   to	  be	  expected,	  since	  TEM	  affords	  an	   image	  of	   the	  
film	  projected	  onto	  a	  plane,	  while	  the	  c-­‐AFM	  reflects	  conductive	  pathways	  between	  the	  
tip	  and	  the	  substrate.	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Figure	  2.8	  Conducting	  AFM	  characterization	  of	  the	  BHJ	  blends	  (left	  side:	  height	   image;	  
right	  side:	  current	  mapping):	  (a)	  processed	  from	  CB;	  (b)	  processed	  from	  CB:DIO.	  A	  1.5	  V	  
bias	   is	   added	   to	   ITO	   substrate	   for	   sample	  a,	   and	  2V	  bias	   is	   added	   to	   ITO	   substrate	   for	  
sample	  b.	  Hole	   is	  collected	  by	  the	  AFM	  tip.	   	  Reprint	   from	  Liu	  et	  al,	  Adv.	  Energy	  Mater.	  
2014,	  4,	  in	  press.	  
	  
2.3.2	  PTB7:PCBM	  Blends： In-­‐Situ	  Morphology	  Evolution	  
	   The	   combination	   of	   scattering	   and	   TEM	   provided	   a	   thorough	   morphological	  
picture	   of	   PTB7:PCBM	   blended	   thin	   films	   with	   different	   processing	   conditions.	   We	  
further	   carried	  out	   in-­‐situ	  GISAXS	   experiments	   to	   study	  why	   the	   additive	   led	   to	   these	  
differences.	   The	   in-­‐situ	   experiment	  was	   carried	   out	   during	   solvent	   evaporation.21	   The	  
solution	  was	  blade	  coated	  onto	  silicon/PEDOT:PSS	  substrates	  with	  repetitive	  30-­‐second	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exposures	   being	   taken	   (Figure	   2.9).	   For	   CB	   solution,	   after	   25	   frames	   of	   exposure,	   the	  
scattering	  intensity	  began	  to	  increase	  in	  the	  low	  q	  region.	  In	  the	  subsequent	  4-­‐5	  images,	  
the	   scattering	   profile	   stabilized,	   showing	   a	   profile	   close	   to	   that	   of	   the	   spin-­‐coated	  
sample.	   In	   the	   case	   of	   films	   cast	   from	   a	   CB:DIO	  mixture,	   initially,	   all	   the	   components	  
were	   solubilized	   (the	   first	   10	   frames).	   Subsequently,	   the	   scattering	   increased	   and	  
stabilized	  (within	  the	  following	  8-­‐9	  frames),	  giving	  a	  size	  scale	  of	  tens	  of	  nanometers.	  	  
	   In	  CB	  processing,	  the	  large	  size	  morphology	  developed	  in	  the	  later	  stage	  of	  film	  
drying.	   The	   final	  morphology	  was	   the	   result	   of	   a	   balance	  of	   the	   interactions	   between	  
PTB7,	   PCBM	   and	   CB	   solvent.	   Initially,	   PTB7	   and	   PCBM	   were	   dissolved	   in	   a	   uniform	  
solution.	  And	  when	  most	  solvent	  was	  removed,	   the	  morphology	  rapidly	  developed,	  as	  
the	  components	  exceeded	  their	  solubility	  in	  CB.	  This	  process	  is	  similar	  to	  Delongchamp	  
and	   coworkers’	   observation	   of	   in-­‐situ	   structure	   formation	   in	   supersaturated	  
conditions.22	   Concurrently,	   when	   the	   solubility	   limit	   of	   PCBM	   in	   PTB7	   was	   reached,	  
phase	  separation	  occurred,	  yielding	  a	  morphology	  shown	  in	  Fig.	  3a.	  The	  development	  of	  
the	  morphology	   in	  the	  CB:DIO	  mixture	  was	  different	  and	  began	  at	  an	  earlier	  stage.	  CB	  
evaporated	  more	   rapidly	   than	  DIO,	   leading	   to	  a	  decrease	   in	   the	   solvent	  quality	  of	   the	  
CB:DIO	  mixture	  for	  PTB7.	  We	  note	  that	  CB	  is	  a	  good	  solvent	  for	  both	  PTB7	  and	  PCBM,	  
while	  DIO	  is	  a	  good	  solvent	  for	  PCBM	  but	  bad	  solvent	  for	  PTB7.	  Consequently,	  as	  the	  CB	  
evaporates,	   PTB7	  will	   order	   in	   an	  earlier	   stage	  while	  PCBM	  still	   have	   certain	  mobility.	  
Starting	   from	   frame	   15,	   a	   feature	   at	   around	   0.2	   A-­‐1	   began	   to	   appear.	   During	   the	   CB	  
evaporation,	   the	   deteriorated	   solvent	   quality	   forced	   the	   PTB7	   to	   aggregate	   into	  
structures	  that	  were	  ~10	  nm	  in	  size,	  establishing	  a	  framework	  for	  further	  deposition	  of	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remaining	   components	   during	   subsequent	   solvent	   evaporation	   (This	   is	   observed	   from	  
the	  final	  morphology	  of	  the	  blended	  thin	  film.).	  	  DIO	  is	  a	  much	  better	  solvent	  for	  PCBM;	  
the	  low	  vapor	  pressure	  delays	  its	  drying	  process,	  as	  well	  as	  postponed	  the	  solidification	  
of	   PCBM.	   Even	   after	   the	   CB	   had	   completely	   evaporated,	   there	   are	   still	   significant	  
amount	   of	   DIO	   left.	   We	   see	   the	   film	   after	   most	   solvent	   vaporized	   (either	   by	   in-­‐situ	  
evaporation	   or	   spin	   coating)	   is	   still	   wet.	   Full	   removal	   of	   DIO	   at	   room	   temperature	  
requires	  that	  the	  thin	  film	  be	  placed	  in	  vacuum	  for	  several	  hours.	  The	  aggregated,	  fine	  
structures	  of	  the	  PTB7	  established	  a	  network	  that	  physically	  prevented	  the	  formation	  of	  
large	  aggregates	  of	  PCBM.	  The	  large	  branched	  PTB7	  aggregates	  that	  formed,	  regardless	  
of	   solvent	   choice,	   clearly	   arose	   from	   the	   precipitation	   (ordering)	   of	   the	   PTB7	   from	  
solution	   (most	  probably	  due	   to	   super-­‐saturation).	   The	  presence	  of	   the	  DIO	   forced	   the	  
precipitation	   (ordering)	   of	   the	   PTB7	   at	   a	   lower	   concentration,	   while	   maintaining	   a	  
uniform	  dispersion	  of	  PCBM,	  giving	  rise	  to	  a	  finer	  texture.	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Figure	  2.9	  In	  Situ	  solvent	  evaporation	  experiment	  of	  PTB7:PCBM	  using	  CB	  (a)	  and	  CB:DIO	  
(b)	  as	  the	  processing	  solvent.	  Reprint	  from	  Liu	  et	  al,	  Adv.	  Energy	  Mater.	  2014,	  4,	  in	  press.	  
	  
2.3.3	  PTB7/PCBM	  Bilayer	  Devices	  and	  Morphology	  
	   The	   interaction	   of	   PTB7	   and	   PCBM	   was	   studied	   in	   a	   bilayer-­‐diffusion	  
experiment.16,23,24	  A	  70	  nm	  layer	  of	  PCBM	  was	  coated	  onto	  a	  Si	  wafer.	  	  Subsequently,	  a	  
60	   nm	   layer	   of	   PTB7	   was	   cast	   from	   1,2-­‐dichlorobenzene	   onto	   a	   glass	   substrate,	   and	  
transferred	  onto	  the	  top	  of	  the	  PCBM	  layer.25	  The	  bilayer	  thin	  films	  was	  dried	  in	  vacuum	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overnight	   and	   was	   subsequently	   annealed	   for	   different	   times	   at	   150	   °C	   to	   promote	  
inter-­‐diffusion.	   The	   inter-­‐diffusion	   process	  was	   directly	   probed	   by	   dynamic	   secondary	  
ionic	   mass	   spectroscopy	   (DSIMS)	   using	   structure	   fragments	   to	   locate	   compositions	  
inside	   the	   thin	   film.	  The	  sulfur	  atom	  was	  used	   to	   label	  PTB7	  polymer;	  and	  deuterated	  
PCBM	   was	   used	   instead	   of	   normal	   PCBM	   by	   making	   use	   of	   D	   atom	   to	   locate	   its	  
composition.	   The	   signal	   intensity	   was	   normalized	   to	   the	   signal	   intensity	   of	   pure	  
materials.	   The	   DSIMS	   results	   were	   summarized	   in	   Figure	   2.10a.	   Distinct	   interfaces	  
between	  PTB7	  and	  PCBM	  layers	  remained	  throughout	  the	  entire	  times	  allowed	  for	  the	  
interdiffusion.	  After	  30s	  of	  annealing,	  the	  PCBM	  layer	  thickness	  decreased,	  with	  PCBM	  
penetrating	  through	  the	  PTB7	  layer,	  where	  the	  concentration	  of	  PCBM	  within	  the	  PTB7	  
layer	   was	   constant.	   This	   result	   is	   similar	   to	   our	   previous	   observation	   on	   P3HT/PCBM	  
bilayers,16	  showing	  a	  quite	  interesting	  case-­‐II	  diffusion	  behavior.26,27	  After	  10	  minutes	  of	  
annealing,	   the	   PCBM	   concentration	   in	   PTB7	   was	   only	   twice	   of	   that	   of	   30s	   sample,	  
indicating	   a	   slowing-­‐down	   of	   diffusion	   and	   a	   saturation	   solubilization	   of	   PCBM	   in	   the	  
PTB7,	   due	   either	   to	   a	   physical	   constraint	   in	   the	   swelling	   from	   the	   network	   of	   PTB7	  
formed	  or	  a	  thermodynamic	  limit	  in	  the	  solubility	  of	  PCBM	  in	  PTB7.	  	  
	   Photovoltaic	  devices	  using	  these	  interdiffusion	  bilayers	  as	  active	  layer	  were	  also	  
fabricated.	   The	   devices	   were	   constructed	   in	   an	   inverted	   geometry,	   using	   ITO/ZnO	   as	  
cathode	   and	  MoO3/Ag	   as	   anode.	   The	   device	   performance	   was	   summarized	   in	   Figure	  
2.10b.	   The	  open	   circuit	   voltage	  of	   these	  bilayer	   diffusion	  devices	   is	   similar,	   or	   slightly	  
higher	  than	  that	  of	  BHJ	  device.	  Yet	  the	  Jsc	   is	  much	  poorer.	  A	  neat	  bilayer	  (unannealed)	  
with	  a	  sharp	  PTB7/PCBM	  interface	  showed	  a	  Jsc	  value	  of	  ~3mA/cm2,	  which	  is	  five-­‐times	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less	  than	  a	  good	  BHJ	  devices,	  indicating	  the	  poor	  photon	  extraction	  of	  this	  geometry.	  By	  
thermal	  annealing,	  a	  sharp	  increase	  in	  Jsc	  was	  seen	  within	  seconds	  of	  annealing,	  and	  the	  
current	   kept	   increasing	   up	   to	   10	  minutes	   of	   annealing	   and	   then	   began	   to	   drop.	   	   The	  
increase	  of	  current	  under	   initial	  state	  of	  annealing	   is	  a	  direct	  consequence	  of	  diffusion	  
induced	  mixing	  of	  PTB7	  and	  PCBM,	  creating	  larger	  inter-­‐domain	  surfaces.	  FF	  decreased	  
for	  annealed	  devices.	  The	  overall	  efficiency	  reached	  a	  maximum	  for	  the	  10m-­‐annealed	  




Figure	   2.10	   (a)	  DSIMS	  of	  of	  PTB7/PCBM	  thermal	  annealed	  bilayers	   (black:	  as	  prepared	  
bilayers;	   red:	  30s	  annealing	  at	  150	   °C;	  blue:	  10	  min	  annealing	  at	  150	   °C.	   filled	  marker:	  
sulfur	   signal;	   open	  marker:	   D	   signal.).	   (b)	   Device	   performance	   of	   PTB7/PCBM	   thermal	  
annealed	   bilayers;	   (c)	   GIXD	   of	   PTB7/PCBM	   thermal	   annealed	   bilayers;	   (d)	   RSoXS	   of	  
PTB7/PCBM	  thermal	  annealed	  bilayers.	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   GIXD	  was	  used	  to	  probe	  the	  structure	  of	  these	  bilayers,	  with	  the	  results	  shown	  in	  
Figure	   2.10c	   and	  Table	   2.2	   (2-­‐D	  diffraction	  profiles	  were	   shown	   in	  Figure	   2.11).	   As	   in	  
fresh	  made	   bilayer,	   the	   PTB7	   crystalline	   peak	   (~	   0.32	   A-­‐1,	   (100)	   peak;	   ~	   1.6	   A-­‐1,	   (010)	  
peak.)	   and	   PCBM	   peak	   (~1.3	   A-­‐1)	   is	   clearly	   seen.	   For	   the	   sample	   annealed	   for	   30s,	   a	  
decrease	  in	  the	  ordering	  of	  the	  PTB7	  was	  observed,	  as	  evidenced	  by	  the	  decrease	  in	  the	  
(010)	   peak	   area	   arising	   from	   the	   	  π-­‐π	  stacking	   (out-­‐of-­‐plane	   direction),	   though	   the	  
crystal	   size	   remained	   similar.	   The	   (100)	   peak	   area	   also	   decreased,	   yet	   the	   crystal	   size	  
slightly	   increased	   (in-­‐plane	   direction),	   as	   evidenced	   by	   a	   decrease	   in	   the	   full	  width	   at	  
half	  maximum	  of	   the	  reflection.	  The	  reduced	  crystallinity	  more	  than	   likely	  arisen	   from	  
the	  dissolution	  of	  the	  PTB7	  by	  the	  PCBM	  diffusion.	  The	  PTB7	  crystals	  do	  not	  appear	  to	  
be	  robust	  in	  the	  presence	  of	  PCBM.	  From	  the	  GIXD,	  only	  a	  4	  to	  6	  nm	  (100)	  crystal	  size	  
was	  observed,	  corresponding	  to	  only	  2	  to	  3	  stacks.	  These	  small	  crystals	  of	  PTB7,	  which	  
would	  have	  a	   low	  melting	  point	  due	   to	   the	   size	   and	  an	  even	   further	   reduced	  melting	  
point	   due	   to	   the	   miscibility	   with	   PCBM	   (melting	   point	   depression),	   could	   easily	   be	  
dissolved	  at	  150	  °C.	  The	  dissolution	  of	  small	  crystals	  and	  retaining	  of	  large	  crystals	  under	  
thermal	  annealing	  is	  similar	  in	  nature	  to	  Reiter	  and	  coworkers’	  observation	  in	  PEO	  based	  
block	  copolymers.	  28	  Continued	  annealing	  (up	  to	  10	  minutes)	  did	  not	  further	  reduce	  the	  
number	  of	  ordered	  chains	  giving	  rise	  to	  the	  (010)	  reflection.	  Yet	  an	  obvious	  increase	  in	  
PCBM	  aggregation	  was	  observed,	  as	  evidenced	  by	  the	  peak	  at	  1.3	  Å-­‐1	  (Table	  2.2).	  	  
	   The	  morphology	  of	   PTB7/PCBM	  bilayer	  was	   also	   investigated	  by	  RSoXS	   (Figure	  
2.10d).	   For	   the	   as-­‐prepared	   bilayer,	   two	   diffuse	   shoulders	   are	   seen	   at	   0.002	   Å-­‐1	   and	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0.009	   Å-­‐1,	   which	   can	   arise	   from	   variations	   in	   the	   film	   thickness	   or	   roughness	   at	   the	  
PCBM:PTB7	  or	  PTB7	  “air”	  interface.	  After	  30s	  of	  annealing,	  a	  diffuse	  maximum	  was	  seen	  
at	  0.016	  Å-­‐1	  (corresponding	  to	  a	  spacing	  of	  39	  nm).	  This	  feature	  clearly	  arises	  from	  the	  
manner	  in	  which	  PCBM	  penetrates	  into	  the	  PTB7	  and	  is	  a	  reflection	  of	  the	  existing	  order	  
or	  aggregation	  of	  the	  PTB7.	  	  After	  10	  minutes	  of	  annealing,	  the	  BHJ	  morphology	  became	  
more	   pronounced	   and	   the	   reflection	   shifted	   to	   a	   smaller	   value	   of	   q,	  where	   a	   peak	   is	  
seen	   at	   0.015	   Å-­‐1,	   corresponding	   to	   a	   spacing	   of	   42	   nm).	   The	   morphology	   of	   the	  
interdiffused-­‐PTB7/PCBM	  layer	  was	  much	  different	  from	  that	  of	  the	  solution	  cast	  film.	  In	  
addition,	   the	  device	  efficiency	  of	   the	   interdiffused-­‐PTB7/PCBM	  layer	  was	  much	  poorer	  
than	   that	  of	   the	   solution	  cast	   film.	  The	   size	   scales	   in	  diffusion	   induced	  BHJ	  was	   larger	  
than	  that	  in	  the	  spin-­‐coated	  BHJ	  thin	  film	  (DIO	  case).	  At	  the	  same	  time,	  the	  ordering	  of	  
the	   PTB7	   in	   the	   interdiffused-­‐films	   is	   less	   than	   that	   of	   the	   spin-­‐coated	   film.	   	   Both	   of	  
these	  will	  give	  rise	  to	  a	  lower	  efficiency.	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   In	  conclusion,	  we	  have	  characterized	  the	  morphology	  of	  mixtures	  of	  PTB7:PCBM.	  
DIO	  additive	  prevented	  the	  large	  size	  PCBM	  aggregation	  and	  induced	  the	  aggregation	  of	  
PTB7	  at	  an	  early	  stage	  of	   the	  solution	  casting	  process,	   resulting	   in	  a	   finer	  size	  scale	  of	  
the	   morphology	   and	   increased	   device	   efficiency.	   Consequently,	   a	   multi-­‐length	   scale	  
morphology	  is	  produced	  due	  to	  the	  use	  of	  an	  additive,	  PTB7	  aggregation	  was	  also	  shown	  
to	  occur	  prior	   to	   film	  formation	   in	  the	  solution-­‐cast	   thin	   films,	  giving	  rise	  to	  a	   fibrillar-­‐
type	  of	  network	  morphology,	  establishing	  a	  mesh	   size	   that	   limits	   the	   size	   scale	  of	   the	  
morphology	   and	   defines	   a	   framework	   within	   which	   the	   remaining	   components	   are	  
deposited,	   forming	  a	  smaller	   length-­‐scale	  structure.	   	  When	  PCBM	  is	  allowed	  to	  diffuse	  
into	  PTB7	  in	  the	  absence	  of	  solvent,	  a	  single	  length-­‐scale	  morphology	  and	  a	  saturation	  
of	  PCBM	  in	  PTB7	  are	  found,	  resulting	  in	  a	  markedly	  different	  morphology.	  Much	  lower	  
device	   efficiencies	   are	   observed	   for	   the	   devices	   prepared	   by	   this	   inerdiffusion,	  which	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argues	   that	   the	  multi-­‐length	   scale	  morphology	   is	   essential	   for	   enhanced	   performance	  
for	  PTB7.	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MORPHOLOGY	  CHARACTERIZATION	  OF	  DPP	  POLYMER	  BASED	  BHJ	  SOLAR	  CELLS:	  
RELATING	  CHEMICAL	  STRUCTURE	  TO	  DEVICE	  PERFORMANCE	  VIA	  MORPHOLOGY	  
CONTROL	  	  
3.1	  Introduction	  
Conjugated	  polymers	  have	  attracted	  much	  attention	  in	  the	  past	  decades	  due	  to	  
their	  promising	  applications	  in	  new	  technologies,	  such	  as	  light	  emitting	  diodes,	  organic	  
field	   effect	   transistors	   (OFETs)	   and	   organic	   photovoltaics	   (OPVs).	   Polymer-­‐based	   bulk	  
heterojunction	   (BHJ)	   solar	   cells	   have	   surpassed	   a	   9%	   power	   conversion	   efficiency	   for	  
single	  layer	  devices1	  and	  the	  field	  effect	  mobility	  has	  reached	  10	  cm2V-­‐1s-­‐1.2	  In	  the	  course	  
of	   performance	   optimization,	   a	   large	   number	   of	   conjugated	   polymers	   have	   been	  
developed,	  among	  which	  low	  band	  gap	  polymers	  have	  proven	  to	  be	  quite	  promising	  for	  
both	   OPVs	   and	   OFETs.3	   By	   tailoring	   the	   chemical	   composition	   of	   the	   polymer	   or	  
copolymer,	   the	   energy	   levels,	   absorption	   spectra,	   and	  molecular	   packing	   can	   be	   fine	  
tuned	  to	  suit	  specific	  device	  configurations.4	  In	  the	  development	  of	  low	  band	  gap	  (LBG)	  
polymers,	   an	   electron	   rich	   donor	   unit	   is	   coupled	   with	   an	   electron	   deficient	   unit	   to	  
reduce	   the	   absorption	   band	   gap	   and	   enhance	   the	   intermolecular	   interaction.5,6	  Other	  
factors,	  such	  as	  self-­‐assembly	  properties,	  solubility,	  molecular	  weight,	  and	  crystallinity,	  
must	  also	  be	  considered	  to	  optimize	  performance.7	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For	  conjugated	  polymers	  employed	   in	  OFETs,	  major	   factors	   that	  determine	   the	  
device	  performance	  include	  chain	  packing/orientation	  and	  crystallinity	  within	  the	  active	  
layer	  8-­‐13	  and,	  most	  importantly,	  at	  the	  active	  layer/dielectric	  interface.14-­‐17	  In	  BHJ	  solar	  
cell	   devices,	   the	   active	   layer	   morphology	   is	   more	   complex.	   A	   bicontinuous	   network	  
comprised	   of	   a	   phase-­‐separated	   donor	   polymer	   and	   acceptor	   material,	   with	   each	  
domain	  having	   the	  characteristic	   length	   scales	  of	  ~	  10-­‐20	  nm,	   is	  needed	   to	  effectively	  
split	   the	   excitons	   and	   transport	   the	   carriers	   to	   their	   respective	   electrodes.7,18,19	  
Optimizing	  device	  performance	  further,	  mandates	  a	  synergistic	  interactive	  development	  
between	   synthesis	   and	   morphological	   characterization	   so	   as	   to	   fully	   understand	   the	  
coupling	   between	   chemical	   structure	   and	  morphology	   and,	   thereby,	   enable	   informed	  
molecular	  design.	  	  
Conjugated	   polymers	   incorporating	   diketopyrrolopyrrole	   (DPP)	   units	   are	   an	  
interesting	   family	   of	   LBG	   polymers,20-­‐26	   which	   show	   long	   wavelength	   absorption	   and	  
good	   mobility.27-­‐29	   A	   6.5	   %	   PCE	   has	   been	   reported	   for	   single	   layered	   OPV	   devices.30	  
However,	  generating	  suitable	  thin	  film	  morphologies	  requires	  the	  use	  of	  an	  additive	  or	  a	  
solvent	  mixture.24-­‐26,31	  This	  additive	  approach	  mediates	  the	  scale	  of	  the	  phase-­‐separated	  
morphology	   and	   the	   aggregation	   of	   polymer	   chains	   in	   solution.	   In	   this	   study,	   we	  
compare	   the	   molecular	   structure	   of	   three	   DPP	   polymers	   to	   their	   physical	  
properties/morphology	   and	   device	   performance	   as	   a	   function	   of	   solvent	   and	   additive	  
processing	   conditions.	  We show	   that	   chemical	   structure	  modification	   and	   processing	  
conditions	  are	  equally	  important	  for	  the	  optimization	  of	  the	  morphology.	  The	  miscibility	  
of	   the	   components	   also	   plays	   and	   important	   role	   in	   defining	   the	  morphology	   of	   thin	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films	  prepared	  from	  a	  single	  solvent.	  While	  this	  contributes	  to	  the	  morphology	  of	  thin	  
film	  mixtures,	  the	  ordering	  (crystallization)	  of	  the	  polymer	  in	  the	  presence	  of	  the	  solvent	  
additive	  is	  found	  to	  dictate	  the	  morphology,	  establishing	  a	  framework	  that	  dictates	  the	  
ultimate	  morphology	  and	  performance.	  	  	  
	  
3.2	  Experimental	  
3.2.1	  Materials	  and	  Methods	  
	   PC71BM	  (PCBM)	  was	  obtained	   from	  American	  Dye	  Source	   (Lot	  #	  11F009E).	  DPP	  
polymers	   were	   prepared	   by	   reported	   procedures.	   The	  Mn	   and	   polymer	   dispersity	   of	  
each	  polymer	  as	  determined	  by	  GPC	  are:	  DPPF	  =	  50.1k,	  2.3;	  DPPT=	  50.5k,	  1.8;	  DPPBT=	  
72.8k,	   4.4.	   CYTOP	   was	   obtained	   from	   AGC	   chemicals,	   Japan.	   Solvents	   such	   as	  
chlorobenzene,	   1,2-­‐dichlorobenzene,	   1,8-­‐diiodooctane	   were	   obtained	   from	   Sigma-­‐
Aldrich.	   The	   indium	   tin	   oxide	   (ITO)-­‐coated	   glass	   substrates	   (20	   ±	   5	   ohms/sq)	   were	  
bought	  from	  Thin	  Film	  Devices	  Inc.	  
3.2.2	  Thin	  Film	  Transistor	  Device	  Fabrication	  and	  Measurement	  
CYTOP	   dielectrics	   OFET	   devices	   were	   bottom–contact	   and	   top–gate	   (BCTG)	  
architecture.	   The	   bottom	   contacts	   of	   chromium	   (5	   nm)/gold	   (40	   nm)	   were	   thermally	  
deposited	  onto	  the	  Si	  wafer	  substrates	  through	  the	  shadow	  mask	  technique	  by	  creating	  
the	  channel	  length	  (L)	  =100	  μm	  and	  width	  (W)	  =	  2	  mm.	  The	  patterned	  Cr/Au	  contacts	  on	  
Si	   surfaces	   were	   treated	   with	   hexamethyldisilazane	   (HMDS,	   from	   Sigma–Aldrich).	   To	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improve	   the	   metal/polymer	   contact,	   a	   self–assembled	   monolayer	   (SAM)	   of	  
pentafluorobenzenethiol	   (PFBT,	   from	   Sigma–Aldrich)	   was	   formed	   on	   the	   Cr/Au	  
electrodes	  by	  immersion	  in	  a	  20	  mM	  PFBT	  solution	  in	  ethanol	  for	  10	  min	  in	  a	  N2–filled	  
dry	  box,	   rinsing	  with	  pure	  ethanol,	   and	  drying.	  The	  DPP	  containing	  polymer	   layer	  was	  
transferred	  on	   to	   the	  bottom	  contact	   substrates	   through	  a	   contact	   film	   transfer	   (CFT)	  
technique.	  The	  poly(perfluoroethylene–co–butenyl	  vinyl	  ether)	  (CYTOP,	  Asahi	  Glass,	  Co.)	  
was	  spun	  coated	  and	  dried.	  The	  thickness	  of	  the	  CYTOP	  layer	  under	  this	  condition	  was	  
determined	   to	   be	   varying	   between	   900	   –	   1000	   nm.	   The	   capacitance	   of	   the	   CYTOP	  
dielectric	   layer	   was	   calculated	   to	   be	   1.8	   nF.	   The	   OFETs	   with	   BCTG	   architecture	   were	  
finally	   completed	   by	   thermally	   depositing	   the	   Au	   (40	   nm)	   as	   gate	   electrodes.	   The	  
electrical	  measurements	  of	  these	  DPP–based	  p–channel	  OFETs	  were	  characterized	  using	  
a	   standard	   Keithley	   2400	   SCS	   probe	   station	   unit	   in	   ambient	   conditions	   at	   room	  
temperature.	  
In	  SiO2	  based	  OFETs,	  the	  heavily	  doped	  (p–type)	  Si/SiO2	  substrates	  were	  used	  as	  
gate	   electrode/gate	   dielectric	   insulators	   for	   the	   bottom–gate	   and	   top–contact	   (BGTC)	  
geometric	   architectures.	   The	   SiO2	   substrates	  were	   treated	  with	   hexamethyldisilazane.	  
The	   DPP	   containing	   polymer	   layer	   was	   transferred	   on	   to	   the	   bottom	   gate	   substrates	  
through	  a	  contact	  film	  transfer	  (CFT)	  technique.	  The	  OFETs	  with	  BGTC	  architecture	  were	  
finally	   completed	   by	   thermally	   depositing	   the	   Au	   (40	   nm)	   as	   top	   contact	   source	   and	  
drain	  electrodes	  through	  the	  shadow	  mask	  technique	  by	  creating	  the	  channel	  length	  (L)	  
=100	  μm	  and	  width	  (W)	  =	  2	  mm.	  The	  electrical	  measurements	  of	  these	  DPP–based	  p–
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channel	  OFETs	  were	  characterized	  using	  a	  standard	  Keithley	  2400	  SCS	  probe	  station	  unit	  
in	  ambient	  conditions	  at	  room	  temperature.	  
3.2.3	  Solar	  Cell	  Device	  Fabrication	  and	  Measurement	  
	   ITO	  glass	  was	  cleaned	  by	  ultrasonic	   treatment	   in	  detergent,	  DI	  water,	  acetone,	  
and	  isopropanol.	  Each	  step	  was	  15	  minutes.	  Then	  ITO	  glass	  was	  dried	  in	  oven	  overnight.	  
PEDOT:	  PSS	  (CLEVIOS	  4083)	  was	  spin-­‐coated	  onto	  UV	  ozone-­‐treated	  ITO	  glass	  (~35	  nm).	  
After	  annealing	  at	  150	  oC	   for	  30	  min	   in	  air,	   the	  substrates	  were	  transferred	  to	  a	  glove	  
box.	  To	  make	  BHJ	  device,	  DPP	  polymer:PCBM	  =1:1	  weight	  ratio	  blend	  was	  prepared.	  In	  
processing,	  different	  solvent-­‐additive	  system	  is	  used.	  For	  DPPBT	  polymer,	  chloroform	  is	  
used	   as	   the	   major	   solvent,	   1,2-­‐dichlorobenzene	   is	   used	   as	   bad	   solvent,	   and	   various	  
chemicals	   are	   used	   as	   additives.	   For	   other	   DPPF	   and	   DPPT,	   chlorobenzene	   is	   use	   as	  
major	   solvent,	   and	   1,8-­‐diiodooctane	   (3	   v%)	   is	   used	   as	   additive.	   ~100	   nm	   thin	   film	  
(measured	  by	  KLA-­‐TENCOR	  Alpha-­‐Step	  IQ	  Surface	  Profiler)	  was	  prepared	  by	  spin	  coating	  
to	  fabricate	  devices.	  Finally,	  LiF	  (1.5	  nm)/Al	  (100nm)	  was	  thermal	  deposited	  	  (2x10-­‐4	  Pa)	  
to	  complete	  the	  circuit.	  The	  device	  area	  is	  6	  mm2.	  All	  current-­‐voltage	  (I-­‐V)	  characteristics	  
of	  the	  devices	  were	  measured	  under	  simulated	  AM1.5G	  irradiation	  (100	  mW/cm2	  )	  using	  
a	  Xe	   lamp-­‐based	  Newport	  91160	  300-­‐W	  Solar	  Simulator.	  A	  Xe	   lamp	  equipped	  with	  an	  
AM1.5G	  filter	  was	  used	  as	  the	  white	  light	  source.	  The	  light	  intensity	  was	  adjusted	  with	  
an	   NREL-­‐calibrated	   Si	   solar	   cell	   with	   a	   KG-­‐5	   filter.	   Quantum	   efficiency	  measurements	  
were	  made	  using	  a	  300-­‐W	  Xe	  lamp,	  Acton	  2150i	  monochromatic,	  optical	  chopper,	  and	  
lock-­‐in	  amplifier.	  The	  monochromatic	  beam	  was	  focused	  into	  an	  area	  smaller	  than	  the	  
	  54	  
device	   area	   and	   the	   photon	   flux	   was	   determined	   using	   a	   Newport	   calibrated	   silicon	  
photodiode.	  
3.2.4	  Grazing	  Incidence	  X-­‐ray	  Diffraction	  (GIXD)	  
GIXD	  measurements	  were	  performed	  on	  Beamline	  7.3.3	  at	   the	  Advanced	  Light	  
Source	  (ALS)	  at	  the	  Lawrence	  Berkeley	  National	  Laboratory	  or	  Beamline	  11-­‐3	  at	  Stanford	  
Synchrotron	  Radiation	  Lighthouse	  (SSRL).	  The	  experimental	  set-­‐up	  and	  sample	  cell	  were	  
designed	  for	  the	  surface	  studies	  on	  thin	  films.	  An	  X-­‐ray	  beam	  impinged	  onto	  the	  sample	  
at	  a	  grazing	  angle	  above	  and	  below	  the	  critical	  angle	  of	  the	  polymer	  film	  (αc	  =	  0.16)	  but	  
below	   the	   critical	   angle	   of	   the	   silicon	   substrate	   (αc	   =	   0.22).	   The	  wavelength	  of	   X-­‐rays	  
used	   was	   1.240	   Å,	   and	   the	   scattered	   intensity	   was	   detected	   by	   Pilatus	   1M	   detector	  
(LBNL)	  or	  Mar345	  image	  plate	  (SSRL).	  The	  samples	  were	  put	  in	  helium	  chamber	  during	  
the	  measurement	  to	  get	  rid	  of	  air	  scattering.	  Beam	  center	  and	  the	  sample-­‐to-­‐detector	  
distance	   were	   calibrated	   using	   silver	   behinet.	   Diffraction	   data	   were	   reduced	   by	   Nika	  
software	  package	  or	  Waxdiff	  software	  package.	  
3.2.5	  Resonant	  Soft	  X-­‐ray	  Scattering	  (RSoXS)	  and	  Polarized	  Soft	  X-­‐ray	  Scattering	  
(PSoXS)	  
	   RSoXS	   experiments	   were	   performed	   at	   beamline	   11.0.1.2	   at	   ALS	   Lawrence	  
Berkeley	  National	  Lab.	  BHJ	  thin	  films	  for	  the	  measurement	  were	  prepared	  the	  same	  way	  
as	  that	  in	  solar	  cell	  devices.	  Thin	  films	  were	  flowed	  and	  transferred	  onto	  Si3N4	  (100	  nm)	  
substrate.	   RSoXS	   was	   done	   in	   high	   vacuum	   (1	   x	   10-­‐7	   torr)	   in	   transmission	   geometry.	  
Before	   measurement,	   near	   edge	   X-­‐ray	   absorption	   fine	   structure	   was	   recorded,	   and	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photon	  energy	  at	  284.2	  eV	  was	  selected	  to	  enhance	  the	  contrast.	  Scattering	  at	  several	  
different	  sample-­‐to-­‐detector	  distance	  were	  recorded	  and	  then	  scattering	  profiles	  were	  
merged.	   The	   electrical	   field	   of	   resonant	   X-­‐ray	   was	   also	   tuned	   to	   induce	   polarization	  
effect.	  Data	  processing	  was	  done	  using	  Igor	  macros	  package	  developed	  by	  the	  beamline.	  
3.2.6	  Scan	  Transmission	  X-­‐ray	  Microscopy	  (STXM)	  
	   STXM	  was	  done	  at	  beamline	  5.3.2	  Lawrence	  Berkeley	  National	  Lab.	  Near	  edge	  x-­‐
ray	   absorption	   fine	   structure	   (NEXAFS)	   was	   recorded	   either	   on	   beamline	   11.0.1.2	   or	  
5.3.2	   Lawrence	   Berkeley	   National	   Lab.	   Different	   energies	  were	   selected	   to	   perform	   a	  
STXM	  compositional	  analysis.	  Miscibility	  measurement	  was	  done	  by	  annealing	  the	  blend	  
sample	  at	  180	   °C	   for	  4	  days	   to	  drive	   the	  system	   into	   thermodynamic	  equilibrium,	  and	  
then	  choosing	  a	  homogeneous	  mixed	  area	  to	  do	  NEXAFS	  fitting	  to	  get	  the	  composition	  
profile.	  
3.2.7	  Transmission	  Electron	  Microscopy	  (TEM)	  
	   Bright-­‐field	   transmission	   electron	   microscopy	   studies	   were	   conducted	   with	   a	  
JEOL	  2000	  FX	  TEM	  operating	  at	  an	  accelerating	  voltage	  of	  200	  kV.	  BHJ	  thin	  film	  samples	  
were	  prepared	  the	  same	  way	  as	  that	  in	  devices,	  and	  then	  flow	  transferred	  to	  400-­‐mesh	  
TEM	  copper	  grids.	  	  
3.2.8	  Atomic	  Force	  Microscopy	  (AFM)	  
	   AFM	   was	   performed	   on	   a	   Digital	   Instruments	   Dimension	   3100,	   operating	   in	  
tapping	  mode.	  Thin	  film	  samples	  either	  in	  BHJ	  devices	  or	  bilayer	  devices	  were	  prepared,	  
and	  then	  directly	  scanned	  by	  AFM	  instrument.	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3.3	  Results	  and	  Discussions	  
3.3.1	  Polymer	  Absorption	  
The	   chemical	   structure	   of	   the	   three	   conjugated	   polymers:	  
poly(diketopyrrolopyrrole-thiophene-fluorene-thiophene) (DPPF),	  
poly(diketopyrrolopyrrole-terthiophene) (DPPT)	   and	   poly(diketopyrrolopyrrole-
quaterthiophene) (DPPBT)	  that	  were	  used	  in	  this	  study	  are	  shown	  in	  Figure	  3.1	  DPPF	  and	  
DPPT	  were	  soluble	  in	  common	  organic	  solvents,	  like	  chloroform	  (CF)	  and	  chlorobenzene	  
(CB).	   DPPBT	   was	   soluble	   in	   chloroform,	   but	   its	   solubility	   in	   chlorobenzene	   and	   1,2-­‐
dichlorobenzene	  (DCB)	  was	  limited.	  Figure	  1	  shows	  the	  UV/VIS	  absorption	  spectra	  of	  the	  
three	  DPP-­‐based	   polymers	   in	   solution	   and	   in	   thin	   films.	  Due	   to	   the	   electron	   deficient	  
nature	   of	   the	   DPP	   unit,	   its	   copolymers	   with	   electron	   donating	   unit	   show	   long	  
wavelength	  absorption.	  As	  seen	  in	  the	  Figure	  3.1,	  when	  copolymerized	  with	  fluorene	  an	  
absorption	  band	  at	  650	  nm	  was	  observed	  in	  solution,	  due	  to	  the	  characteristic	  electronic	  
neutrality	  of	   fluorene	  and	  the	   large	  rotation	  angle	  between	  the	  monomers.	  When	  the	  
thiophene	   unit	   was	   used,	   a	   surprisingly	   longer	   wavelength	   absorption	   was	   observed	  
with	   a	  maximum	   at	   815	   nm,	  which	  was	   25	   nm	   deeper	   than	   that	   of	   DPP-­‐bithiophene	  
copolymer.	  	  In	  going	  from	  the	  solution	  to	  solid	  or	  condensed	  state,	  a	  25	  nm	  red	  shift	  was	  
observed	  for	  the	  DPPF-­‐based	  polymer	  and	  a	  20	  nm	  red-­‐shift	  for	  the	  DPPT-­‐based,	  due	  to	  
a	   decrease	   in	   rotation	   angle	   along	   the	   backbone	   and	   an	   enhanced	   packing.	   	   For	   the	  
DPPBT-­‐based	  polymer,	  no	  red-­‐shift	  was	  observed.	  However,	  a	  new	  absorption	  appeared	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at	   715	   nm,	   due	   to	   the	   formation	   of	   H-­‐aggregates.32	   Although	   DPPT	   and	   DPPBT	  
absorption	   absorbed	   strongly	   from	   650	   to	   850	   nm,	   the	   absorption	   in	   the	   shorter	  
wavelength	   region	  was	   limited.	   	   Consequently,	   PC71BM	  was	   used	   to	   complement	   the	  
absorption	  in	  this	  region. 
 
Figure	   3.1	   Polymer	   structure	   and	  UV-­‐vis	   absorption	   in	   solution	   and	   thin	   film.	   Reprint	  
from	  Liu	  et	  al.	  J.	  Am.	  Chem.	  Soc.	  2013,	  135,	  19248.	  
	  	  
3.3.2	  Charge	  Transport	  Properties	  
Charge	   carrier	   motilities	   of	   DPP	   polymers	   were	   evaluated	   using	   bottom 
contact/top gate (BC/TG) and top contact/bottom gate (TC/BG) OFET devices (Figure 
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3.2a).33 Device	  measurements	  were	  performed	  at	  ambient	  conditions	  using	  a	  standard	  
probe	  station	  and	  a	  Keithly	  4200	  SCS	  semiconductor	  analyzer.	  To	  control	   the	   thin	   film	  
morphology,	   both	   single	   and	   mixed	   solvent	   processing	   were	   used	   (DPPF	   and	   DPPT	  
showed	   good	   solubility	   in	   chlorobenzene,	   so	   chlorobenzene	  was	   used	   as	   the	   primary	  
solvent,	   and	   1,8-­‐diioctane	   (DIO,	   3	   v%)	   was	   used	   as	   an	   additive.	   DPPBT	   showed	   good	  
solubility	   in	   chloroform,	   so	   chloroform	   was	   used	   as	   primary	   solvent	   and	   1,2-­‐
dichlorobenzene	   (20	   v%)	   was	   used	   as	   additive.	   In	   bottom	   contact/top	   gate	   (BC/TG)	  
devices,	   amorphous	   fluoropolymer	   CYTOP	   was	   used	   as	   the	   dielectric	   and,	   in	   top	  
contact/bottom	   gate	   (TC/BG)	   devices,	   SiO2	   (300	   nm)	   was	   used	   as	   the	   dielectric.	   DPP	  
polymer	  thin	  films	  were	  spin	  coated	  from	  5-­‐8	  mg/ml	  solutions	  at	  1500	  rpm	  for	  a	  minute.	  	  
Afterwards,	   the	   films	  were	   further	  dried	  under	   vacuum	   for	  more	   than	  12	  h,	   and	   then	  
transfer	   printed	   onto	   devices.34	   Hole	   mobilities	   were	   calculated	   in	   the	   saturation	  
regime.	  The	  device	  output	  and	  transfer	  characteristics	  are	  given	  in	  Table	  3.1	  and	  Figure	  
3.2b,c	   (We	  only	  show	  DPPBT	  BC/TG	  devices	  as	  a	  representation).	  As	  can	  be	  seen	  from	  
the	   tabulated	   results,	   the	   CYTOP	   dielectric	   gave	   much	   better	   performance,	   in	  
comparison	   to	   SiO2.	   	   This	   can	   be	   attributed	   to	   the	   low	   polarity	   of	   CYTOP	   and	   better	  
contacts	  between	  the	  dielectric	  and	  semiconductor	  layer.17,35	  Thin	  films	  processed	  from	  
a	  solvent	  mixture	  showed	  much	  better	  mobilities,	  which	  can	  be	  directly	  correlated	  with	  
the	  improved	  structural	  order	  of	  the	  thin	  films.	  For	  DPPBT,	  the	  mobility	  obtained	  from	  
films	   processed	  with	   a	   solvent	  mixture	   yielded	  mobilities	   up	   to	   1.2	   cm2V-­‐1s-­‐1.	   For	   the	  
annealing	  free	  devices,	  this	  mobility	  is	  already	  quit	  high	  and,	  equally	  important,	  the	  use	  
of	  a	  processing	  additive	  affords	  a	  new	  handle	  for	  optimizing	  the	  performance	  of	  OFETs. 
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Figure	  3.2	  (a)	  Two	  OFET	  device	  structure;	  (b)	  output	  and	  transfer	  curve	  of	  DPPBT	  OFETs	  
device	  processed	  from	  chloroform;	  (c)	  output	  and	  transfer	  curve	  of	  DPPBT	  OFETs	  device	  
processed	  from	  chloroform-­‐dichlorobenzene.	  Reprint	   from	  Liu	  et	  al.	   J.	  Am.	  Chem.	  Soc.	  
2013,	  135,	  19248.	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   0.008±0.001	   (1.1±0.4)×10
3
	   0.02±0.005	  
DPPF-­‐CB/DIO	   (1.2±0.3)×10
5
	   0.01±0.008	   (1.3±0.2)×10
4
	   0.15±0.022	  
DPPT-­‐CB	   (1.2±0.2)×10
6
	   0.02±0.006	   (1.2±0.4)×10
5
	   0.05±0.008	  
DPPT-­‐CB/DIO	   (3.0±0.6)×10
6
	   0.06±0.009	   (1.6±0.4)×10
5
	   0.42±0.022	  
DPPBT-­‐CF	   (1.2±0.3)×10
6
	   0.12±0.017	   (1.8±0.3)×10
6
	   0.82±0.034	  
DPPBT-­‐CF/DCB	   (1.1±0.3)×10
7
	   0.42±0.024	   (2.4±0.6)×10
6
	   1.18±0.096	  
	  
3.3.3	  Structure	  Order	  of	  Polymer	  Thin	  Films	  
The	   structure	   of	   the	   conjugated	   polymer	   within	   the	   thin	   film	   influences	   the	  
transport	   properties	   of	   the	   material.	   The	   structure	   was	   characterized	   using	   grazing	  
incidence	   x-­‐ray	   diffraction	   (GIXD).36	   Figure	   3.3	   shows	   the	   2-­‐D	   GIXD	   profiles	   of	   the	  
polymer	  films	  investigated	  here.	  The	  out-­‐of-­‐plane	  line	  cuts	  are	  shown	  in	  Figure	  3.4.	  As	  
can	  be	  seen,	  modifying	   the	  chemical	   structure	  and	  processing	  conditions	  have	  equally	  
important	  effects	  on	  the	  solid-­‐state	  packing	  of	  polymer	  chains.	  Single	  solvent	  processed	  
DPPF	   thin	   films	   were	   highly	   amorphous,	   exhibiting	   only	   a	   weak	   peak	   at	   ~0.32	   A-­‐1,	  
corresponding	   to	   a	   spacing	   of	   1.96	   nm.	   However,	   when	   we	   switched	   to	   CB/DIO	  
processing,	  a	  sharp	  peak	  at	  0.37	  A-­‐1	  (1.7	  nm)	  was	  seen.	  This	  arises	  from	  the	  (100)	  inter-­‐
chain	  packing.	  DPPF	  has	  a	  larger	  alkyl	  side	  chain	  (C12)	  in	  the	  DPP	  unit	  (100)	  spacing	  1.96	  
nm.	  A	  reduced	  (100)	  spacing	   in	  solvent	  mixture	  processing	   indicates	  those	  alkyl	  chains	  
better	  interdigitated	  and	  crystallized.37	  The	  in-­‐plane	  diffraction	  showed	  a	  small	  peak	  at	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0.5	  A-­‐1,	  arising	   from	  the	  side	  chain	  crystallization.	  A	  weak	  π−π	   stacking	   is	   seen	   for	   the	  
CB/DIO-­‐processed	   films	   with	   a	   characteristic	   distance	   of	   0.39	   nm.	   The	   enhanced	  
crystallization	  or	  DPPF	  using	   the	   solvent	  mixture	  processing	  was	   the	  major	   reason	   for	  
the	   6-­‐fold	   mobility	   enhancement	   in	   the	   CYTOP	   devices.	   For	   DPPT	   processed	   from	   a	  
single	   solvent,	   a	   face-­‐on	   orientation	  was	   preferred,	   as	   evidenced	   by	   the	   strong	   (010)	  
peak	  in	  the	  out-­‐of-­‐plan	  direction.	  A	  0.37	  nm	  π−π	  stacking	  distance	  was	  observed,	  which	  
was	   the	   shortest	   in	   this	   family.	   The	   (100)	   spacing	   was	   ~2.4	   nm.	   The	   face-­‐on	   crystal	  
orientation	  is	  not	  in	  the	  right	  direction	  for	  charge	  transport,	  thus	  a	  small	  mobility	  (0.05	  
cm2V-­‐1S-­‐1)	  was	  obtained.	  When	  CB/DIO	  was	  used	  as	  the	  processing	  solvent,	  the	  face-­‐on	  
orientation	  was	  largely	  reduced,	  as	  seen	  from	  the	  distribution	  of	  the	  (100)	  peak.	  When	  
CB	  was	  used	   to	   spin-­‐cast	   a	   thin	   film,	   the	   solvent	   evaporated	  quickly	   and	   the	  polymer	  
chains	   started	   to	   order	   and	   deposit	   in	   the	   end	   of	   solvent	   evaporation	   under	   super-­‐
saturation	   condition.	   The	   preferential	   interaction	   between	   the	   conjugation	   plane	   and	  
the	   substrate	   gave	   rise	   to	   the	   preference	   of	   a	   face-­‐on	   orientation	   of	   the	   polymer	  
crystallites.	  When	  processing	  from	  CB/DIO	  mixture,	  CB	  evaporates	  first,	  resulting	   in	  an	  
increased	  concentration	  of	  DIO,	  a	  non-­‐solvent	  for	  the	  polymer.	  With	  continued	  solvent	  
evaporation,	   the	   quality	   of	   the	  mixed	   solvent	   for	   the	   polymer	   decreases,	   causing	   the	  
polymers	  to	  aggregate,	  and	  order,	  forming	  a	  fibrillar	  type	  of	  morphology	  that	  assumes	  
an	  edge-­‐on	  orientation	  with	  respect	  to	  the	  substrate.	  The	  aggregation	  and	  ordering	  of	  
the	  DPPT	  in	  solution	  leads	  to	  a	  marked	  enhancement	  of	  the	  ordering	  in	  the	  film	  and	  to	  a	  
0.42	   cm2V-­‐1s-­‐1	   mobility,	   over	   an	   8-­‐fold	   increase	   compared	   to	   CB	   processed	   thin	   film.	  
DPPBT	  showed	  the	  highest	  crystallinity	  with	  a	  strong	  edge-­‐on	  crystal	  orientation.	  Four	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orders	  of	  diffraction	  along	  the	  (100)	  direction	  were	  evident.	  The	  π−π	  stacking	  distance	  in	  
the	  in-­‐plane	  scattering	  was	  0.38	  nm.	  Both	  crystallinity	  and	  crystal	  orientation	  accounted	  
for	  higher	  carrier	  mobilities	  in	  this	  series.	  The	  mixed	  solvent	  (CF/DCB)	  processing	  slightly	  
increased	   the	   edge-­‐on	   orientation	   of	   the	   crystals,	   as	   seen	   from	   the	   azimuthal	  
broadening	   of	   the	   (100)	   and	   (010)	   reflections.	   This	   led	   to	  mobilities	   of	   1.2	   cm2V-­‐1s-­‐1.	  
Single	  solvent	  (CF)	  processed	  films	  having	  a	  poor	  orientation	  had	  mobilities	  of	  0.8	  cm2V-­‐
1s-­‐1.	   
	  
Figure	  3.3	  GIXD	  of	  DPP	  polymers	  on	  silicon	  wafer.	  Polymer	  thin	  films	  were	  casted	  from	  





Figure	  3.4	  	  Out-­‐of-­‐plane	  line-­‐cut	  profiles	  of	  DPP	  polymer	  thin	  films.	  
	  
3.3.4	  Photovoltaic	  Properties	  
Solar	  cells	  using	  DPP	  polymers	  were	  fabricated	  by	  using	  polymer:PC71BM	  blends	  
at	  1:1	  weight	  ratio.	   ITO/PEDOT:PSS	  was	  used	  as	  the	  anode	  and	  LiF/Al	  was	  used	  as	  the	  
























optimize	   the	  morphology	   of	   the	   active	   layer.25,38	   The	   same	  mixed	   solvent	   processing	  
protocol	   as	   that	   in	   OFETs	   device	   fabrication	  was	   employed	   in	   OPV	   device	   fabrication	  
(single	  solvent	  processed	  thin	  film	  blends	  are	  noted	  as	  M1;	  mixed	  solvent	  processed	  thin	  
film	  blends	  are	  noted	  as	  M2.	   For	  DPPF	  and	  DPPT	  blends,	   chlorobenzne	   is	  used	  as	   the	  
major	  solvent	  and	  DIO	  is	  used	  as	  the	  additive;	  for	  DPPBT	  blends,	  chloroform	  is	  used	  as	  
the	  major	  solvent,	  DCB	  is	  used	  as	  the	  additive.).	  As	  shown	  in	  Figure	  3.5	  and	  Table	  3.2,	  all	  
DPP	  polymers	  show	  a	  low	  device	  performance	  when	  processed	  from	  single	  solvent,	  due	  
to	  the	  smaller	  short	  circuit	  current	  (Jsc).	  When	  mixed	  solvents	  mixture	  was	  used,	  a	  5-­‐fold	  
increase	   in	   Jsc	   was	   observed	   for	   DPPT	   and	   DPPBT	   blends.	   The	   power	   conversion	  
efficiency	  (PCE)	  reached	  3.8	  %	  for	  DPPT	  blends,	  and	  5.6	  %	  for	  DPPBT	  blends.	  For	  DPPBT	  
case,	   using	   a	   solvent	   mixture	   to	   process	   the	   blends	   drastically	   elevated	   the	   incident	  
photon	   to	   charge	   carrier	   efficiency	   (IPCE,	   Figure	   3.6),	   which	   is	   consistent	   with	   the	  
observation	  of	  the	  photon	  current	  enhancement.	  For	  DPPF,	  although	  a	  slight	  increase	  in	  
Jsc	  was	  observed,	  the	  fill	   factor	  decreased.	  Consequently,	   the	  PCE	  remained	  similar	   for	  
both	  processing	  conditions.	  These	  performance	  differences	  were	  highly	  affected	  by	  the	  
thin	  film	  morphology.	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Figure	  3.5	  BHJ	  solar	  cell	  devices	  using	  DPP	  polymer:PC71BM	  (1:1	  wt)	  blends	  as	  the	  active	  
layer.	  For	  DPPF	  and	  DPPT	  blends,	  M1:	  CB;	  M2:	  CB/DIO.	  For	  DPPBT	  blends:	  M1:	  CF;	  M2:	  
CF/DCB.	  Reprint	  from	  Liu	  et	  al.	  J.	  Am.	  Chem.	  Soc.	  2013,	  135,	  19248.	  
	  
	  
Table	  3.2	  Device	  Performance	  of	  DPP	  polymer:PCBM	  blends	  
Devices	   Voc	  (V)	   Jsc	  (mA/cm
2
)	   FF	  (%)	   PCE	  (%)	  
DPPF-­‐M1	   0.69	   1.02	   55.5	   0.39	  (0.56)a	  
DPPF-­‐M2	   0.70	   1.63	   31.5	   0.36	  (0.45)	  
DPPT-­‐M1	   0.65	   1.91	   58.2	   0.72	  (0.90)	  
DPPT-­‐M2	   0.64	   9.74	   61.2	   3.82	  (3.85)	  
DPPBT-­‐M1	   0.62	   2.75	   61.39	   1.05	  (1.19)	  
DPPBT-­‐M2	   0.63	   14.84	   60.27	   5.62	  (5.72)	  




Figure	   3.6	   IPCE	   of	   DPPBT:PCBM	   blends	   processed	   from	   chloroform,	   chloroform/DCB,	  
chloroform/DIO	  solvent	  mixtures.	  
	  
3.3.5	  Structure	  Order	  of	  Blended	  Thin	  Film	  
GIXD	  was	   used	   to	   assess	   the	   ordering	   in	   thin	   films	   cast	   from	   a	   single	   solvent,	  
from	  mixed	  solvents	  and	  with	  the	  use	  of	  additives	  (the	  same	  conditions	  as	  that	  in	  OPV	  
device	  fabrication).	  	  The	  detailed	  results	  are	  summarized	  in	  Figure	  3.7	  and	  Table	  3.3.	  For	  
the	  DPPF	  and	  DPPBT	  blends,	  the	  crystals	  assumed	  an	  edge	  on	  orientation	  with	  the	  (100)	  
reflection	  evident	  in	  the	  out-­‐of-­‐plane	  direction	  and	  the	  (010)	  peak	  located	  in-­‐plane.	  For	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the	  DPPT	  blends,	  the	  opposite	  held,	  and	  the	  crystals	  assumed	  a	  face-­‐on	  orientation.	  For	  
DPPT	  and	  DPPBT,	  the	  use	  of	  an	  additive	   led	  to	  a	  narrowing	  of	  the	  (010)	  reflection,	   i.e.	  
the	  persistence	  of	   the	   registration	   in	   the	   (010)	  direction	   increased,	  while	   the	  width	  of	  
the	   (100)	  peak	   increased	   slightly,	   indicating	  a	   slight	   reduction	   in	   the	   crystal	   size	  along	  
the	   (100).	   	   These	   changes	   would	   be	   consistent	   with	   the	   formation	   of	   a	   fibrillar	   type	  
texture,	  where	  the	  (010)	  is	  oriented	  along	  the	  fibril	  axis.	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Figure	  3.7	  Out-­‐of-­‐plane	  and	  in-­‐plane	  line-­‐cut	  profiles	  of	  polymer:PCBM	  blends	  in	  GIXD.	  
For	   DPPF	   and	   DPPT	   blends,	   M1:	   CB;	   M2:	   CB/DIO.	   For	   DPPBT	   blends:	   M1:	   CF;	   M2:	  
CF/DCB.	  Reprint	  from	  Liu	  et	  al.	  J.	  Am.	  Chem.	  Soc.	  2013,	  135,	  19248.	  
	  




















Table	  3.3	  GIXD	  results	  of	  polymer-­‐PCBM	  blend	  thin	  films	  







DPPF-­‐M1	   1.96	   N.A.	   N.A.	   N.A.	  
DPPF-­‐M2	   1.70	   12.8	   0.39	   4.0	  
DPPT-­‐M1	   2.35	   7.6	   0.37	   1.6	  
DPPT-­‐M2	   2.30	   7.2	   0.37	   2.5	  
DPPBT-­‐M1	   2.24	   8.2	   0.38	   3.0	  
DPPBT-­‐M2	   2.13	   6.7	   0.39	   3.7	  
	  
3.3.6	  BHJ	  Thin	  Film	  Morphology	  
In	   BHJ	   solar	   cells,	   the	  morphological	   features	   are	   directly	   correlated	   to	   device	  
function.	  TEM	  images	  (Figure	  3.8)	  show	  that	  single	  solvent	  processed	  thin	  films	  exhibit	  
large-­‐scale	  phase	  separated	  structures	   (see	   large	  TEM	   images	   in	  Figure	   3.9).	  For	  DPPF	  
blends,	  large	  PCBM-­‐rich	  domains	  (dark	  regions)	  are	  seen,	  100-­‐200	  nm	  in	  size.	  	  DPPT	  and	  
DPPBT	   blends	   showed	   similar	   features.	   Due	   to	   this	   large-­‐scale	   phase	   separated	  
morphology,	   device	   performance	   was	   poor.	   When	   thin	   films	   processed	   from	   solvent	  
mixture,	  the	  morphology	  was	  much	  finer.	  DPPF	  (CB/DIO)	  showed	  a	  large	  dark	  and	  bright	  
areas	   arising	   either	   from	   thickness	   or	   density	   variations.	   The	   polymer	   formed	   a	  
mesoporous-­‐like	  structure,	  with	  ~50	  nm	  spherical	  aggregates	  decorated	  the	  film.	  This	  ill-­‐
defined	  morphology	  with	  no	  was	  well-­‐defined	   interpenetrating	  donor-­‐acceptor	  phases	  
led	  to	  poor	  performance.	  For	  the	  DPPT	  blends	  (CB/DIO),	  a	  crystalline	  fibrillar	  (15-­‐20	  nm	  
in	  diameter)	  network	  was	  observed.	  The	  dark	  area	  in	  the	  inter-­‐fibrillar	  regions	  consists	  
of	  a	  PCBM-­‐rich	  polymer	  mixture.	  The	  size	  of	  these	  PCBM	  rich	  areas	  ranged	  from	  tens	  to	  
hundreds	   of	   nanometers.	   This	   interpenetrated	   morphology	   was	   favorable	   for	   charge	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transport,	  especially	  when	  the	  feature	  size	  was	  in	  commensurate	  with	  exciton	  diffusion	  
length,	   thus	  maximizing	  charge	  carriers	  and	   improving	  device	  performance.	  A	   five-­‐fold	  
efficiency	   enhancement	   was	   seen	   for	   this	   blend	   in	   comparison	   to	   the	   same	   blend	  
processed	  from	  a	  single	  solvent	  processed	  film.	  DPPBT	  blends	  processed	  from	  a	  solvent	  
mixture	   (CF/DCB)	   show	  a	  very	   small	   size	  phase	   separation.	  Fibrils	  ~10	  nm	   in	  diameter	  
were	   seen	   with	   an	   inter-­‐fibrillar	   distance	   of	   ~	   20-­‐50	   nm.	   The	   inter-­‐fibrillar	   regions	  
consisted	  of	  a	  PCBM-­‐rich	  mixture.	  In	  comparison	  to	  the	  DPPT	  blends,	  the	  DPPBT	  blends	  
showed	   a	   smaller	   size	   scale	   of	   phase	   separation	   and	   fibril	   width,	   thus	   the	   donor-­‐
acceptor	  interfaces	  are	  enlarged,	  leading	  to	  an	  improved	  Jsc	  in	  the	  devices.	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Figure	   3.8	   TEM	   images	  of	  polymer:PCBM	  blends.	  Reprint	   from	  Liu	  et	  al.	   J.	  Am.	  Chem.	  
Soc.	  2013,	  135,	  19248.	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Figure	  3.9	  	  TEM	  images	  of	  polymer:PCBM	  blends	  with	  large	  scaled	  phase	  separation.	  For	  
DPPF	  and	  DPPT	  blends,	  M1:	  CB;	  M2:	  CB/DIO.	  For	  DPPBT	  blends:	  M1:	  CF;	  M2:	  CF/DCB.	  
	  
Atomic	   force	  microscopy	   (AFM)	  was	   used	   to	   study	   the	   surface	  morphology	   of	  
these	   thin	   film	   samples	   (Figure	   3.10).	   Elevations	   in	   the	   topography	   of	   a	   size	   that	  
corresponded	   to	   the	   dark	   regions	   in	   the	   TEM	   micrographs	   were	   seen	   for	   the	   single	  
solvent	  processed	  thin	  films,	  indicating	  quite	  rough	  surfaces.	  Consequently,	  in	  the	  TEM	  
images,	   not	   only	   is	   there	   contrast	   from	   electron	   density	   differences	   but,	   also,	   an	  
apparent	   contrast	   from	   a	   variation	   in	   the	   film	   thickness.	   From	   the	   height	   variations,	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DPPF	   blends	   showed	   the	   largest	   variation	   (broad	   humps	   are	   observed	   in	   the	  
topography)	   and	   DPPBT	   blends	   showed	   the	   least.	   For	   thin	   films	   processed	   from	   a	  
solvent	  mixture,	   the	   surfaces	  of	   the	  DPPF	  blends	  wrinkled,	  with	  pleats	  ~50	  nm.	  These	  
could	  arise	   from	   the	   crystallization	  of	   the	  DPPF	  at	   the	   surface,	   leading	   to	  unfavorable	  
device	  architectures.	  In	  the	  case	  of	  DPPT	  thin	  film	  blends.	  The	  surface	  was	  smooth	  with	  
an	   RMS	   roughness	   of	   1.8	   nm.	   In	   the	   case	   of	   DPPBT	   blends,	   the	   surface	   was	   even	  
smoother	  with	  an	  RMS	  roughness	  of	  1.1	  nm).	   In	  all	  cases,	  the	  surface	  roughness	  maps	  
directly	  onto	  the	  sizes	  of	  the	  phase	  separated	  domains	  in	  the	  films.	  
	  
Figure	   3.10	  AFM	  height	  and	  phase	   Images.	  Single	   solvent	  processed	   film:	  5um	  x	  5um;	  
solvent	  mixture	  processed	   film:	   2um	  x	  2um.	   For	  DPPF	  and	  DPPT	  blends,	  M1:	  CB;	  M2:	  
CB/DIO.	   For	  DPPBT	  blends:	  M1:	  CF;	  M2:	  CF/DCB.	  Reprint	   from	  Liu	  et	   al.	   J.	  Am.	  Chem.	  
Soc.	  2013,	  135,	  19248.	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Resonant	  soft	  x-­‐ray	  scattering	  (RSoXS)	  was	  used	  at	  an	  x-­‐ray	  energy	  of	  284.2	  eV,	  
at	  the	  carbon	  K-­‐edge,	  in	  order	  to	  enhance	  the	  contrast	  of	  the	  PCBM-­‐rich	  region	  (The	  x-­‐
ray	  absorption	  fine	  structure	  profiles	  shown	  in	  Figure	  3.11).26	  The	  scattering	  profiles	  of	  
the	  blends	  are	  summarized	  in	  Figure	  3.12.	  For	  single	  solvent	  processed	  thin	  film	  blends	  
(Figure	   3.12a),	   scattering	   peaks	   in	   the	   very	   low	   q	   region	   were	   seen,	   corresponding	  
center-­‐to-­‐center	   distances	   of	   domains	   that	   correlated	  well	  with	   the	   domain	   structure	  
observed	   by	   TEM	   and	   AFM.	   Solvent	   mixture	   processed	   thin	   films	   had	   much	   smaller	  
domains	   (Figure	   3.12b).	   For	   DPPF	   blends	   (CB/DIO),	   a	   strong	   peak	   at	   0.0021	   A-­‐1	   was	  
observed	  (~300	  nm),	  arising	  from	  the	  average	  center-­‐to-­‐center	  distance	  between	  PCBM-­‐
rich	   domains.	   From	   the	   corresponding	   TEM	   images,	   a	   general	   dark-­‐white	   area	  
separation	  with	  similar	  size	  scale	  was	  seen,	  supporting	  the	  RSoXS	  results.	  A	  shoulder	  at	  
0.0071	  A-­‐1	  was	  observed	  in	  the	  scattering	  profile,	  giving	  a	  spacing	  of	  88	  nm,	  that	  most	  
probably	   comes	   from	   the	   aggregates	   described	   previously	   (see	   TEM	   images).	   When	  
DPPT	  blends	  were	  processed	  from	  a	  solvent	  mixture	  (CB/DIO),	  a	  broad	  peak	  at	  0.01	  A-­‐1	  
was	   seen	   (~63	   nm)	   which	   can	   be	   ascribed	   to	   the	   average	   fibril-­‐fibril	   separation	  
distance.39	   For	   DPPBT	   blends	   (CF/DCB),	   the	   scattering	   profile	   showed	   a	   broad	   peak	  
~0.016	  A-­‐1,	  corresponding	  to	  a	  distance	  of	  39	  nm.	  With	  fibrils	  ~10-­‐20	  nm	  in	  diameters,	  
this	   distance	   correspond	   to	   the	   average	   fibril-­‐fibril	   separation	   distance	   in	   these	  
mixtures.	   Relative	   to	   device	   performance,	   that	   the	   scattering	   and	   microscopy	   data	  
indicate	  that	  the	  smaller	  the	  size	  scale	  of	  the	  morphological	  features,	  the	  larger	  will	  be	  
the	   interfacial	  area,	  the	  higher	  will	  be	  Jsc	  and	  the	  better	  will	  be	  the	  performance.	  The	  
mixed	   region	   between	   the	   fibrils	   could	   have	   efficient	   exciton	   generation;	   strong	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recombination	   might	   be	   a	   key	   factor	   that	   limits	   its	   function.	   It	   was	   pointed	   out	   by	  
Janssen	   and	   coworkers,	   for	   a	   similar	   structure	   to	   DPPT	   (also	   showing	   a	   similar	  








Figure	   3.12	  RSoXS	  profiles	  of	  polymer:PCBM	  blends	  casted	   from	  (a)	   single	   solvent;	   (b)	  
solvent	  mixture.	   For	  DPPF	   and	  DPPT	   blends,	  M1:	   CB;	  M2:	   CB/DIO.	   For	  DPPBT	   blends:	  
M1:	  CF;	  M2:	  CF/DCB.	  Reprint	  from	  Liu	  et	  al.	  J.	  Am.	  Chem.	  Soc.	  2013,	  135,	  19248.	  
	  
The	   correlation	   function	   analysis	   is	   applied	   to	   analysis	   the	   scattering	   data	   to	  
providing	  real	  space	  correlations.	  The	  correlation	  function,	  γ(r),	  is	  given	  by	  
	  
Where	  I(q)	  is	  the	  scattered	  intensity	  at	  a	  scattering	  vector	  q.	  	  It	  should	  be	  noted	  that	  the	  
integrals	   extend	   to	   infinity;	   consequently,	   the	   scattering	   data	   were	   extrapolated	   to	  
infinity	   using	   a	   damped	   Porod	   function.40	   Correlation	   functions	   are	   shown	   in	   Figure	  











of	   the	   conjugated	   polymer,	   was	   estimated	   by	   extrapolating	   the	   linear	   region	   of	  
γ(r)	  to	  the	  level	  of	  the	  nadir	   (as	  show	   in	  Figure	  13a,	   red	  extrapolating	   lines),	  and	  was	  ~	  
34.2	   nm.	   The	   long	   period	   (Lp),	   which	   corresponds	   to	   the	   average	   domain	   spacing	   of	  
phase	  separated	  structure	  was	  ~	  300	  nm.	  For	  the	  DPPT	  blends	  (CB/DIO),	  Lc	  and	  Lp	  were	  
10.4	  nm	  and	  85	  nm,	  respectively;	  and	  for	  the	  DPPBT	  blends	  (CF/DCB),	  Lc	  and	  Lp	  are	  8.2	  
nm	   and	   50	   nm	   (Figure	   3.13b).	   The	   Lc	   is	   smaller	   than	   that	   estimated	   from	   the	   TEM	  
results	  which	  is	  not	  surprising,	  since	  the	  x-­‐ray	  data	  reflect	  a	  volume	  average	  over	  a	  large	  
area,	  where	  the	  sampling	  size	  for	  TEM	  is	  quite	  small.	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Figure	   3.13	   Correlation	   function	   analysis	   of	   RSoXS	   profiles	   of	   polymer:PCBM	   blends	  
casted	  from	  solvent	  mixture:	   (a)	  DPPF-­‐M2;	  (b)	  DPPT-­‐M2	  and	  DPPBT-­‐M2.	  For	  DPPF	  and	  
DPPT	  blends,	  M1:	  CB;	  M2:	  CB/DIO.	  For	  DPPBT	  blends:	  M1:	  CF;	  M2:	  CF/DCB.	  Reprint	  from	  
Liu	  et	  al.	  J.	  Am.	  Chem.	  Soc.	  2013,	  135,	  19248.	  
	  
Besides	  the	   lateral	  morphology,	  vertical	  segregation	   is	  also	  an	   important	   factor	  
that	  influences	  the	  device	  efficiency.	  In	  our	  previous	  work,	  we	  have	  shown	  that	  blends	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processed	   from	   solvent	   mixture	   forms	   a	   homogeneous	   film	   with	   a	   slightly	   polymer	  
enrichment	  at	  the	  surfaces.31	  Single	  solvent	  processed	  thin	  film	  exhibits	  a	  coarse	  phase	  
separation	   and,	   therefore,	   cannot	   be	   homogeneous	   either	   in	   lateral	   and	   vertical	  
morphology.	  Cross-­‐sectional	  scanning	  electron	  microscopy	  (SEM)	  was	  used	  to	  study	  the	  
vertical	  morphology	   of	   these	   single	   solvent	   processed	   films.	   The	   results	   are	   shown	   in	  
Figure	  3.14	  and	   Figure	  3.15.	  For	  all	  these	  three	  samples,	  a	  clear	  stratified	  morphology	  
was	  seen,	  with	  bright	  oval	  structures	  buried	  under	  a	  thin	  gray	  layer.	  Those	  bright	  ovals	  
are	   PCBM-­‐rich,	   while	   the	   gray	   areas	   are	   polymer-­‐rich.	   The	   scan	   transition	   x-­‐ray	  
microscopy	   (STXM)	   images	  are	   shown	  beside	  SEM	   images	  and	   the	  color-­‐coding	   shows	  
the	  PCBM	  composition.	  	  Similar	  sizes	  of	  PCBM	  rich	  domains	  were	  observed	  with	  STXM.	  
From	   line-­‐cut	  profiles	  of	  PCBM	  composition	  analysis,	   that	   the	  bright	  area	   in	   the	  STXM	  
images	   contains	   ~	   85%	   PCBM,	  while	   the	   dark	   regions	   contains	   ~12%	  PCBM.	   The	   dark	  
regions	   between	  oval	   structures	   did	   not	   show	  an	  obvious	   PCBM-­‐rich	   layer;	   therefore,	  
we	  can	  conclude	  that	  the	  PCBM	  is	  well	  dispersed	  in	  the	  polymer	  matrix.	  These	  values	  of	  
PCBM	  in	  the	  polymer-­‐rich	  areas	  may,	   in	   fact,	  define	  the	   limit	  of	  miscibility	  of	  PCBM	  in	  
the	  polymer.	  In	  the	  DPPT	  blends,	  the	  concentration	  of	  PCBM	  in	  the	  PCBM-­‐rich	  domain	  
was	  ~90%	  and	   in	  polymer	  matrix,<10%	  PCBM.	  DPPBT	  blends	  had	  higher	  PCBM	   region	  
population,	  the	  STXM	  bright	  domain	  contained	  ~80%	  of	  PCBM	  and	  dark	  region	  contains	  
~18%	  of	  PCBM.	  From	  the	  TEM	  and	  SEM	  images	  of	  the	  films	  cast	  from	  a	  single	  solvent,	  it	  
is	  evident	  that	  the	  large	  domains	  are	  nearly	  pure	  PCBM,	  indicating	  that	  a	  saturation	  limit	  
of	   PCBM	   in	   the	   polymer	  matrix,	   forcing	   the	   segregation	  of	   the	   PCBM.	  However,	   films	  
cast	  from	  a	  solvent	  mixture	  showed	  the	  formation	  of	  a	  fibrillar	  network	  that	  established	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a	  framework	  in	  which	  the	  remaining	  materials	  deposit,	  leading	  to	  a	  uniform	  distribution	  
of	  PCBM	  in	  the	  film.	  	  
	  
	  
Figure	  3.14	  Cross-­‐section	  SEM	  image,	  STXM	  image	  and	  PCBM	  compositional	  analysis	  of	  
polymer:PCBM	  blends	  casted	   from	  single	  solvent.	  Reprint	   from	  Liu	  et	  al.	   J.	  Am.	  Chem.	  





Figure	   3.15	   STXM	   of	   single	   solvent	   processed	   polymer:PCBM	   blends	   under	   different	  
photon	   energies.	   284.4	   eV	   photon	   energy	   highlights	   PCBM	   region;	   287.4	   eV	   photon	  
energy	  highlights	  polymer	  region;	  320	  eV	  photon	  energy	  highlights	  thickness	  variations.	  
	  
3.3.7	  Commonalities	  in	  the	  Additive	  Approach	  
In	  the	  previous	  discussion	  we	  analyzed	  the	  effect	  of	  additive	  on	  the	  morphology	  
of	   a	   series	   of	   DPP-­‐based	   BHJ	   solar	   cells.	   Although	   a	   plausible	   structure-­‐property	  
relationship	  is	  established,	  the	  use	  of	  different	  solvent	  makes	  it	  difficult	  to	  compare	  the	  
additive	   induced	   morphology	   changes	   directly.	   Based	   on	   this	   study	   and	   previous	  
research,38,39	  the	  effect	  of	  additive	  should	  be	  universal	  in	  regulating	  the	  morphology	  of	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BHJ	   thin	   films.	   Consequently,	   additional	   solvents	   and	   additives	   were	   used	   to	  
demonstrate	  the	  generality	  of	  the	  additive-­‐assisted	  morphology	  formation.	  
Shown	   in	  Figure	  3.16	  are	  results	   for	  more	  devices	   fabricated	  using	  DPPT:PCBM	  
blends	   and	   DPPBT:PCBM	   blends.	   For	   the	   DPPT	   blends,	   chloroform	   was	   used	   as	   the	  
solvent	   and	   DIO	   (3	   v%)	  was	   used	   as	   the	   additive.	   For	   DPPBT	   blends,	   chloroform	  was	  
used	   as	   the	   solvent,	   DIO	   (3	   v%),	   and	   1-­‐chloronaphthalene	   (ClNaPh,	   5	   v%)	   and	   1,2,4-­‐
trichlorobenzne	  (TCB,	  5	  V%)	  were	  used	  as	  additives.	  Detailed	  results	  are	  summarized	  in	  
Table	   3.4.	   DPPT	   blends	   processed	   from	   chloroform	   showed	   a	   low	   current	   and	   PCE,	  
which	  is	  due	  to	  large	  size	  scale	  of	  the	  phase	  separated	  morphology,	  as	  indicated	  by	  the	  
interference	   maximum	   seen	   in	   the	   low	   q	   region	   from	   the	   RSoXS	   data	   (Figure	   3.17).	  
Adding	   small	   amounts	   of	   DIO	   in	   the	   solution	   drastically	   reduced	   the	   size	   scale	   of	   the	  
morphology	  and	   increased	  the	  current	   to	  9.2	  mA/cm2.	  A	  broad	   interference	   is	  seen	   in	  
the	  scattering	  data	  characteristic	  of	  a	  size	  scale	  that	   is	  similar	   to	  that	  seen	  for	  CB/DIO	  
solvent/additive	  case.	  An	  additional	   interference	  at	  ~0.0035	  A-­‐1	   is	  seen,	  corresponding	  
to	  a	  distance	  of	  180	  nm	  due,	  more	  than	  likely	  to	  residual	  PCBM	  aggregates	  that,	  reduced	  
device	   performance.	   The	   DPPBT	   blends	   using	   various	   additives	   all	   showed	   much-­‐
improved	  Jsc	  in	  the	  devices,	  with	  differences	  arising	  from	  detailed	  structural	  differences.	  
In	  the	  RSoXS	  data	  (Fig.	  3.17),	  showed	  interferences	  in	  a	  similar	  scattering	  vector	  range,	  
indicating	   a	   size	   scale	   of	   the	  phase	   separated	  morphology	   that	   is	   similar	   to	   that	   seen	  
under	   CF/DCB	   processing	   conditions.	   When	   TCB	   was	   used	   as	   the	   additive,	   a	   weak	  
interference	  at	  ~0.003	  A-­‐1	  was	  seen,	  corresponding	  to	  a	  distance	  of	  209	  nm,	  arising	  from	  
PCBM	   aggregation,	   which	   resulted	   in	   a	   slightly	   reduced	   device	   performance.	   The	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structural	  order	  of	   these	  new	  blends	  was	  also	  studied	  by	  GIXD	  (2-­‐D	  diffraction	   images	  
and	  out-­‐of-­‐plane	  profiles	  shown	  in	  Figures	  3.18	  and	  3.19).	  	  For	  DPPT	  blends,	  using	  only	  
chloroform	   resulted	   in	   a	   face-­‐on	  orientation	   that	   decreased	  with	   the	   addition	  of	  DIO.	  
For	  DPPBT	  blends,	   the	  use	  of	  different	  additives	   resulted	   in	  a	   reduction	  tin	   the	  crystal	  
size	  along	  the	  (100)	  direction,	  which	  is	  similar	  to	  that,	  seen	  when	  CF/DCB	  was	  used.	  The	  
combination	   of	   these	   results	   clearly	   demonstrates	   the	   commonalities	   in	   the	   use	   of	  
additives	  for	  the	  preparation	  of	  DPP-­‐based	  BHJ	  blends,	  that	  is,	  adding	  additive	  reduces	  
the	   size	   of	   phase	   separation	   as	   well	   as	   modulating	   the	   size	   and	   orientation	   of	  
crystallites. 
	  
Figure	   3.16	   BHJ	  OPV	  devices	  using	  DPPT	  blends	  and	  DPPBT	  blends	  and	  more	   solvent-­‐




Figure	   3.17	   RSoXS	   profiles	   of	   DPPT	   blends	   and	   DPPBT	   blends	   using	   more	   solvent-­‐
additive	   processing	   conditions.	   Reprint	   from	   Liu	   et	   al.	   J.	   Am.	   Chem.	   Soc.	   2013,	   135,	  
19248.	  
	  
Table	  3.4	  OPV	  Device	  Performance	  using	  more	  conditions	  





FF	  (%)	   PCE	  (%)	  
DPPTM-­‐CF	   0.67	   1.56	   61.4	   0.6	  
DPPTM-­‐CF/DIO	   0.64	   9.2	   59.4	   3.4	  
DPPBTM-­‐CF	   0.63	   2.62	   62.4	   1.0	  
DPPBTM-­‐CF/DIO	   0.62	   14.33	   60.1	   5.2	  
DPPBTM-­‐CF/ClNaPh	   0.62	   14.31	   55.8	   4.9	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Figure	  3.18	  GIXD	  diffractograms	  of	  DPPT	  blends	  and	  DPPBT	  blends	  using	  more	  solvent-­‐

































Blends processed from different conditions
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3.3.8	  Polarized	  Scattering	  and	  Interfacial	  Orientation	  
The	   lateral	  morphology	   of	   BHJ	   blends	   can	   be	   probed	   by	   various	  methods.	   But	  
donor-­‐acceptor	   network	   interface	   remains	   as	   a	   challenge	   to	   characterize.	   Finding	   the	  
right	   probe	   to	   capture	   the	   localized	   morphology	   would	   be	   another	   advancement	   in	  
understanding	   the	   charge	   segregation,	   transport	   and	   recombination.	  When	   polarized	  
soft	  x-­‐ray	  beam	  is	  used,	  the	  polarized	  electrical	  field	  plus	  component	  sensitivity	  enabled	  
new	  possibility	   in	   exploring	   interface	   details.41,42,43	   Polarized	   resonant	   x-­‐ray	   scattering	  
(PSoXS)	  experiments,	  making	  use	  of	  the	  polarized	  nature	  of	  the	  synchrotron	  beam,	  were	  
perform	   to	   elucidate	   the	   relative	   orientation	   of	   the	   components	   in	   the	   active	   layers.	  
(We	  primarily	  focus	  on	  horizontal	  polarized	  x-­‐ray	  beam	  to	  do	  the	  experiment.	  When	  x-­‐
ray	   beam	  was	   tuned	   to	   vertical	   polarization,	   complimentary	   scattering	   image	   can	   be	  
obtained.)	  By	  tuning	  the	  scattering	  photon	  energy,	  localized	  molecular	  orientation	  could	  
be	  deduced.	  In	  this	  experiment,	  we	  took	  a	  snapshot	  of	  a	  few	  typical	  energies	  obtained	  
from	   the	   Near	   Edge	   X-­‐ray	   Absorption	   Fine	   Structure	   (NEXAFS)	   (Figure	   3.11)	   with	   the	  
results	   shown	   in	   Figure	   3.20.	   Here,	   284.4	   eV	   is	   sensitive	   to	   PCBM	   1s-­‐π*c=c	   bond	  
transition;	  285.4	  eV	  is	  sensitive	  to	  polymer	  1s-­‐π*c=c	  bond	  transition;	  287.4	  eV	  resonance	  
is	   a	   combination	   of	   carbon-­‐hydrogen,	   carbon-­‐sulfur,	   and	   the	   Rydberg	   excitation;	   and,	  
291	   eV	   is	   sensitive	   to	   1s-­‐σ *c-­‐c	  bond	   transition.28	   The	   scattering	   intensities	   at	   90o	   and	  
180o	   in	  the	  scattering	  ring	  were	  used	  to	  assess	  the	  strength	  of	  anisotropy,	  by	  using	  an	  
anisotropic	   factor	   σ	   =	   (I90-­‐I180)/(I90+I180).	   The	   scattering	   anisotropy	   at	   the	   different	  
photon	  energies	  are	  shown	  in	  Figure	  3.21a.	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Figure	   3.20	   Polarized	   RSoXS	   of	   DPPT/DPPBT:PCBM	   blends	   (processed	   from	   single	  
solvent	   and	   solvent	   mixture)	   under	   different	   photon	   energies.	   For	   DPPF	   and	   DPPT	  
blends,	  M1:	  CB;	  M2:	  CB/DIO.	  For	  DPPBT	  blends:	  M1:	  CF;	  M2:	  CF/DCB.	  Reprint	  from	  Liu	  et	  
al.	  J.	  Am.	  Chem.	  Soc.	  2013,	  135,	  19248.	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Figure	   3.21	   (a)	   Anisotropy	   of	   DPPT/DPPBT:PCBM	   blends;	   (b)	   scheme	   of	   typical	   fibril	  
mesh	   BHJ	   morphology	   and	   two	   possible	   chain	   alignment	   in	   fibrils;	   (c)	   schematic	  




Figure	  3.22	  Scheme	  of	  chain	  orientation	  and	  X-­‐ray	  polymerization:	  (a)	  polymer	  takes	  an	  
face-­‐on	  orientation,	  thus	  the	  π	  orbitals	  are	  insensitive	  to	  X-­‐ray	  polarization;	  (b)	  polymer	  
takes	  an	  edge-­‐on	  orientation,	  the	  π	  orbitals	  are	  sensitive	  to	  X-­‐ray	  polarization. 
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When	  DPPT	  blends	  were	  processed	  from	  a	  single	  solvent	  (CB),	  the	  scattering	  ring	  
was	  nearly	   isotropic	   at	   the	  different	  photon	  energies.	  A	   slight	   anisotropy	  was	   seen	  at	  
285.4	   eV	   and	   287.4	   eV.	   DPPT	   in	   blends	   assume	   a	   face-­‐on	   orientation	   in	   the	   single	  
solvent	   processed	   films.	   In	   that	   orientation,	   the	   large	  π	   face	   of	   polymer	   back-­‐bond	   is	  
perpendicular	   to	   the	   incident	   x-­‐ray	  and	   the	  polarized	  electrical	   field	   cannot	  excite	   the	  
bond.	  Consequently,	  the	  bond	  sensitivity	  was	  obscured	  (A	  schematic	  model	  for	  this	  case	  
is	   shown	   in	   Figure	   3.22.).	   For	   the	  mixed-­‐solvent	   (CB/DIO)	   processed	   DPPT	   blend	   thin	  
films,	   the	   scattering	   image	   showed	  a	   slight	   anisotropy	   at	   284.4	   eV.	  When	   the	  photon	  
energy	  was	  tuned	  to	  the	  polymer	  1s-­‐π*c=c	  bond	  transition,	  a	  clear	  anisotropy	  was	  seen	  
(σ	   =	   0.16),	   indicating	   the	   polymer	   π electron	   surface	   could	   be	   excited	   by	   polarized	  
electrical	  field.	  This	  was	  due	  to	  the	  edge-­‐on	  orientation	  of	  the	  crystallites.	  When	  a	  287.4	  
eV	  photon	  energy	  was	  used,	   the	  scattering	   image	  became	   less	  anisotropic,	  due	  to	   the	  
complicated	  nature	  of	  this	  absorption	  band.	  The	  scattering	  at	  291	  eV	  was	  very	  weak	  and	  
no	  useful	   information	  could	  be	  obtained.	   In	  the	  DPPBT	  blends	  processed	  from	  a	  single	  
solvent	  (CF),	  a	  weak	  anisotropy	  was	  observed	  at	  284.4	  eV.	  This	  anisotropy	  was	  greatly	  
enhanced	  at	  285.4	  eV	  (σ	  =	  0.52).	  This	  was	  due	  to	  the	  strong	  edge-­‐on	  orientation	  of	  the	  
polymer	   crystallites.	   At	   287.4	   eV,	   the	   strong	   anisotropy	   persisted.	   Yet,	   at	   291	   eV,	   the	  
polarization	  direction	  changed	  (σ	  =	  -­‐	  0.12).	  The	  291	  eV	  absorption	  is	  due	  to	  the	  1s-­‐σ *c-­‐c	  
transition,	  which	   is	   geometrically	  perpendicular	   to	   the	  planes	  of	   the	  π	   electron	   cloud,	  
thus	   it	   is	   oriented	   90o	   from	   the	   1s-­‐π*c=c	   bond	   transition	   polarization.	  When	   a	   solvent	  
mixture	   (CF/DCB)	  was	  used	   to	  process	   the	  DPPBT	  blends,	   the	  anisotropy	  persisted.	  At	  
285.4	   eV,	   σ	   =	   0.41	   was	   observed,	   which	   was	   slightly	   lower	   than	   the	   single	   solvent	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processed	   blends.	   DPPBT-­‐M2	   (CF/DCB)	   thin	   films	  were	   highly	   edge-­‐on,	  with	   a	   slightly	  
reduced	  (100)	  crystal	  size	  and	  orientation	  in	  comparison	  to	  the	  DPPBT-­‐M1	  (CF)	  thin	  film.	  
At 287.4	  eV,	  the	  polarization	  changed	  its	  direction	  (σ	  =	  -­‐	  0.10),	  which	  was	  quite	  different	  
from	  DPPBT-­‐M1	  sample	  (CF).	  The	  detailed	  reason	  for	  this	  change	  was	  not	  clear,	  due	  to	  
the	   complexity	   of	   the	   287.4	   eV	   absorption	   band.	   The	   1s-­‐σ *c-­‐c	  absorption	   polarization	  
was	  also	  perpendicular	  to	  285.4	  eV,	  the	  same	  as	  in	  the	  previous	  case.	  
A	   scheme	   of	  morphology	   is	   shown	   in	   Figure	   3.21b.	   The	   chain	   packing	  with	   in	  
polymer	   fibrils	   is	   key	   in	   dictating	   the	   anisotropy	   in	   the	   scattering	   profiles.	   The	   π−π	  
stacking	   that	   is	   parallel	   to	   the	   electrical	   field	   (the	  π	   –π	   stacking	  direction	   is	   the	   same	  
with	   electrical	   field	   direction)	   is	   excited,	   leading	   to	   a	   scattering	   intensity	   change	   (A	  
schematic	   illustration	   is	   shown	   in	   Figure	   3.21c.).	   	   Fully	   understand	   the	   scattering	  
polarization	  and	  chain	  packing	  behavior	  will	  require	  complicated	  optical	  models,	  which	  
is	  beyond	  the	  scope	  of	  this	  discussion.	  With	  the	  current	  data	  set,	  the	  correlation	  of	  TEM	  
image	  and	  related	  PSoXS	  was 	  to	  analysis	  the	  scattering	  anisotropy	  and	  interfacial	  chain	  
orientation	   relationship.	  We	   saw	   fiber	   network	   structures	   in	   the	   BHJ	   blends,	   and	   the	  
fiber-­‐to-­‐fiber	   distance	   dictates	   the	   scattering	   profiles.	   As	   seen	   from	   the	   scattering	  
anisotropy	  at	  polymer	  resonance	  band,	  if	  polymer	  chain	  is	  oriented	  parallel	  to	  the	  fibril	  
axis,	   the	   type	  1	   chain	  packing,	   the	  polarized	  nature	  of	   the	   incident	   x-­‐ray	  beam	  would	  
lead	   to	  a	   reduced	   intensity	   in	   the	  electrical	   field	  direction,	   giving	   rise	   to	   the	  285.4	  eV	  
scattering	   image	   (The	   intensity	   enhanced	   in	   vertical	   direction,	   the	   electrical	   field	   is	   in	  
horizontal	  direction.);	   if	   the	  polymer	  chain	   is	  oriented	  orthogonal	  to	  the	  fibril	  axis,	   the	  
type	   2	   chain	   packing,	   which	   is	   commonly	   seen	   in	   P3HT	   nanofibrils,	   the	   polarized	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electrical	  field	  would	  lead	  to	  an	  intensity	  enhancement	  perpendicular	  to	  electrical	  field	  
direction.	  Consequently,	   the	  orientation	  of	   the	  chain	  axis	  can	  be	  determined	  from	  the	  
azimuthal	  dependence	  of	  the	  PSoXS	  profile.	   It	  was,	  however,	  difficult	  to	  correlate	  that	  
orientation	  with	  the	  device	  performance.	  	  
	  
3.4	  Conclusion	  
We	  have	  investigated	  the	  relationship	  of	  DPP-­‐based	  low	  band	  gap	  polymers	  and	  
processing	   conditions	   to	   morphology	   and	   performance	   in	   OFETs	   and	   OPVs.	   Various	  
techniques	  have	  been	  used	  to	  probe	  the	  morphological	  details	  of	  the	  pure	  films	  and	  BHJ	  
blends.	   	   These	   morphological	   features	   have	   been	   correlated	   with	   the	   device	  
performance	   and	   chemical	   structure	   of	   the	  DPP	  polymers.	   By	   slightly	   changing	   of	   the	  
chemical	   structure,	   e.g.	   from	   a	   DPP-­‐thiophene	   copolymer	   to	   a	   DPP-­‐bithiophene	  
copolymer,	   the	   crystal	   orientation,	   crystal	   size	   and	   domain	   size	   changes	   markedly,	  
indicating	  that	  full	  optimization	  of	  OFET	  and	  OPV	  performance	  must	  include	  both	  device	  
engineering	   and	   materials	   optimization.	   We	   have	   shown	   that	   the	   crystal	   orientation	  
strongly	   influences	  the	  transport	  properties	   in	  OFETs.	   In	  OPVs,	  crystalline	  fibrils	  are	  an	  
important	  factor	  for	  high	  efficiency	  devices.	  These	  crystalline	  structures	  are	  sensitive	  to	  
processing	   conditions.	   Processing	   conditions	   also	   influence	   the	   morphology	   of	  
polymer:PCBM	   blends.	   Thin	   film	   blends	   cast	   from	   a	   single	   solvent	   show	   a	   large-­‐scale	  
phase	   separation	   and	   a	   stratified	  morphology	   normal	   to	   the	   film	   surface.	   Fairly	   pure	  
PCBM	  aggregates	  that	  were	  surrounded	  by	  the	  polymer	  matrix	  were	  observed.	  The	  use	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of	   additives	   in	   the	   casting	   solvents	   fundamentally	   changed	   the	   thin	   film	  morphology.	  
With	   the	   presence	   of	   a	   selective	   solvent	   additive,	   the	   crystallization	   of	   conjugated	  
polymers	  is	  altered,	  as	  can	  be	  seen	  from	  the	  difference	  in	  crystal	  size	  and	  orientation.	  At	  
the	  same	  time,	  the	  solvent	  additive	  changed	  the	  film	  drying	  process,	  enabling	  PCBM	  to	  
be	  uniformly	  distributed	  within	  the	  film.	  The	  combination	  of	  these	  two	  effects	  leads	  to	  a	  
smooth	  thin	   film,	  with	  crystalline	  polymer	   fibrils	   forming	  a	  network,	  with	  a	  mixture	  of	  
PCBM	  and	  the	  polymer	  being	  deposited	  inside	  the	  mesh	  of	  the	  network.	  Tuning	  the	  size	  
of	   this	   network	   structure	   by	   using	   additives	   is	   one	   route	   to	   further	   enhancing	   device	  
performance.	  The	  network	  structure	  and	  nature	  of	  the	  PCBM	  rich	  regions	  are	  affected	  
by	   the	  detailed	  chemical	   structure	  of	   the	  polymer,	  as	   seen	   in	   the	   results	  of	  DPPT	  and	  
DPPBT.	  Therefore,	  it	   is	  essential	  to	  quantify	  the	  morphological	  details	  and	  the	  function	  
of	   each	   phase.	   By	   gaining	   a	   fundamental	   knowledge	   of	   the	   chemical	   physics	   of	   the	  
polymer-­‐particle	  mixture,	  higher	  efficiency	  devices	  can	  be	  realized.	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4.1	  Future	  Directions	  
4.1.1	  Cathode	  Modification	  Interlayers	  and	  Characterizations	  
This	  thesis	  mainly	  deals	  with	  the	  morphology	  of	  active	  layer	  blends.	  The	  results	  
showed	   a	   structure-­‐property	   relationship	   covering	   chemical	   structures,	   processing	  
conditions	  and	  device	  performance.	  To	  further	  enhance	  the	  device	  performance	  of	  OPV,	  
not	   only	   active	   layer,	   but	   also	   the	   interfaces,	   especially	   those	   in-­‐between	   active	   layer	  
and	   cathode,	   should	   be	   concerned.1-­‐4	   Very	   recently,	   scientists	   have	   observed	   that	  
inserting	   a	   nanometers	   thin	   layers	   of	   polyelectrolyte	   could	   simultaneously	   enhances	  
VOC,	  JSC	  and	  FF	  of	  the	  devices,1	  thus	  a	  boost	  in	  power	  conversion	  efficiency	  is	  recorded.	  	  
Showing	  in	  Figure	  4.1	  is	  an	  example	  of	  this	  cathode	  inter-­‐layer	  modification,	  by	  adding	  a	  
~5	  nm	  of	  Zwitterions	  in-­‐between	  cathode	  and	  active	  layer	  enhanced	  the	  efficiency	  by	  5	  
times.2	   Although	   this	   enhancement	   is	   mostly	   ascribed	   to	   the	   interfacial	   dipoles	   that	  
lower	  the	  work	  function	  of	  the	  cathode,	  the	  knowledge	  of	  layer	  is	  still	  very	  limited.	  Both	  
electrical	   measurement	   and	   surface	   morphology	   characterization	   are	   necessary	   to	  





Figure	  4.1	  Chemical	  structures	  of	  (a)	  CPZs	  used	  as	  interlayers	  in	  solar	  cell	  fabrication;	  (b)	  
the	  device	  architecture,	  with	  CPZ	  as	  the	  electron	  selective	  layer	  (ESL)	  and	  PEDOT:PSS	  as	  
the	  hole	  selective	  layer	  (HSL).	  
	  
One	  of	  the	  most	  important	  features	  of	  adding	  a	  thin	  interlayer	  into	  device	  is	  its	  
effect	  on	  diode	  function.	  We	  have	  seen	  that	  if	  the	  layer	  is	  too	  thick,	  transport	  will	  be	  a	  
problem.	  Thus	  knowing	  the	  series	  resistance	  change	  of	  this	  modification	  is	  critical.	  This	  
can	  be	  done	  by	  impedance	  analysis	  when	  operating	  the	  solar	  cell	  under	  VOC	  conditions	  
under	   AM	   1.5	   radiations.	   A	   standard	   Nyquist	   plot	   of	   the	   measured	   impedance	   of	  
modified	   device	   and	   control	   device	   will	   directly	   show	   the	   resistance	   change.5	   By	  
comparing	   the	   results,	   we	   could	   understand	   the	   inter-­‐layer	   thickness-­‐performance	  
relationship.	   When	   more	   inter-­‐layer	   materials	   are	   provided,	   a	   chemical	   structure-­‐
property	  relationship	  can	  be	  obtained.	  	  
Besides	   electrical	   measurement,	   the	   exact	   surface	  morphology	   should	   also	   be	  
considered.	   The	  most	   available	   technology	   to	   characterize	   this	   is	   the	   combination	   of	  
near	   edge	   x-­‐ray	   absorption	   fine	   structure	   (NEXAFS)	   and	   atomic	   force	   spectroscopy	  
(AFM).	   NEXAFS	   could	   provide	   chain	   orientations	   easily	   as	   demonstrated	   by	   previous	  
work.	  6	  AFM	  surface	  characterization	  is	  a	  challenge	  task.	  Nano-­‐sized	  AFM	  tip	  is	  required	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to	   scan	   the	   surface.	   Showing	   in	   Figure	   4.2	   is	   the	   phase	   image	   (PTB7:PCBM	   blends	  
processed	   from	   chlorobenzene	   with	   DIO	   additive)	   using	   nano-­‐size	   AFM	   tip.	   Well-­‐
resolved	  chain	  packing	  on	   the	   surface	   is	   clear	   shown,	  demonstrating	   the	  possibility	  of	  
using	   high	   resolution	   AFM	   to	   characterize	   the	   surface	   morphology	   of	   inter	   layer	  
modification.	  
	  
Figure	   4.2	   Phase	   image	   of	   PTB7:PCBM	   blends	   processed	   from	   chlorobenzene	   with	  
additive	  using	  nano-­‐sized	  AFM	  tip.	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4.1.2	  Photophysics	  Characterization	  	  
In	   the	  past	   few	  year	   I	   have	   spend	  most	   of	   the	   time	   to	  obtain	   the	  morphology	  
picture	  of	  important	  BHJ	  blended	  thin	  films.	  Although	  many	  morphological	  details	  have	  
been	   observed	   and	   structure-­‐property	   relationship	   has	   been	   demonstrated,	   these	  
studies	   neglected	   the	   detailed	   function	   of	   those	   morphological	   components	   in	   the	  
blends.	  We	  see	  crystalline	  phase,	  mixed	  phase	  in	  blends,	  yet	  their	  detailed	  function	  have	  
not	  been	  figured	  out	  yet.	  The	  lack	  of	  this	  information	  prevented	  us	  to	  propose	  a	  nano-­‐
scaled	   functioning	   mechanism	   for	   BHJ	   OPVs.	   Also	   the	   structure-­‐property	   relationship	  
cannot	   be	   quantitative	   without	   that	   information.	   The	   combination	   of	   photophysics	  
characterizations	   and	   morphology	   investigation	   will	   be	   the	   next	   phase	   of	   structure	  
characterization	   in	   BHJ	  OPVs.	  While	  morphology	   characterizations	   can	   still	   proceed	   in	  
the	   same	   way,	   the	   new	   information	   such	   as	   charge	   generation	   and	   decay	   dynamics,	  
recombinations	  will	  be	  the	  key	  input.7	  This	   information	  will	  be	  relying	  on	  femtosecond	  
laser	  techniques.	  Once	  we	  obtained	  this	   information,	  plus	  the	  knowledge	  of	  crystalline	  
structure,	  mixing	  phase	  content,	  surface	  structures,	  we	  can	  build	  a	  solid	  model	  for	  BHJ	  
OPV.	   This	   new	   phase	   of	   morphology	   characterization	   will	   also	   be	   extended	   to	   new	  
materials,	  which	  will	  providing	  new	  design	  protocols	  to	  further	  elevate	  the	  performance	  
by	  providing	  new	  generation	  of	  photoactive	  materials.	  
4.1.3	  Fabricate	  Tandem	  Devices	  
Fabrication	  of	  tandem	  OPV	  devices	  is	  an	  important	  approach	  to	  further	  enhance	  
performance.	   It	   has	   been	   demonstrated	   that	   the	   combination	   of	   complimentary	  
	  101	  
absorption	  BHJ	  layers	  with	  well	  designed	  inter-­‐connections	  yield	  elevated	  performance	  
that	  harvest	  more	  light	  irradiation.8	  In	  fabrication,	  tandem	  devices	  in	  series	  are	  of	  more	  
interest	  due	  to	  easier	  fabrication	  and	  good	  performance.	  In	  this	  approach,	  the	  choice	  of	  
absorbing	   materials	   in	   front	   cells	   and	   back	   cells	   is	   critical.	   Besides,	   fabricating	   good	  
interlayers	  that	  efficiently	  link	  two	  devices	  together	  are	  also	  important.	  We	  are	  going	  to	  
constructed	  conjugated	  polymer	  tandem	  OPV	  devices	  with	  new	  material	  combinations	  
and	   inter-­‐connection	   layers.	   Showing	   in	   Figure	   4.3	   is	   the	   design.	   Two	   materials	  
combination	  will	  be	  used.	   In	   first	  combination,	  we	  will	  use	  P3HT:ICBA	  as	  the	  front	  cell	  
blends.9	   The	   absorption	   for	   this	   blend	   will	   cover	   300	   nm	   to	   610	   nm	   solar	   radiation,	  
leaving	   the	   long	   wavelength	   radiation	   passing	   through	   the	   interlayer,	   which	   will	   be	  
absorbed	  by	  the	  pDPP:PCB71M	  back	  cell.	  The	  front	  cell	  with	  deliver	  a	  Voc	  of	  0.85	  V,	  and	  
Jsc	  ~10	  mA/cm2	  and	  the	  back	  cell	  will	  deliver	  an	  Voc	  of	  0.65V,	  and	  Jsc	  ~15	  mA/cm2.	  The	  
combination	  will	  yield	  a	  Voc	  of	  1.5	  V	  and	  Jsc	  ~	  10mA/cm2.	  If	  a	  fill	  factor	  of	  60	  %	  can	  be	  
obtained,	   a	   PCE	   of	   9%	   can	   be	   obtained.	   In	   another	   combination	   we	   will	   use	  
PTB7:PC71BM	  as	   the	   front	  cell	   (300-­‐720	  nm	  absorption)	  and	  pDPP:PCB71M	  as	   the	  back	  
cell.	   The	   front	   cell	  will	   deliver	   a	   Voc	   o	   0.75	  V	   and	   Jsc	   ~16	  mA/cm2.	   The	   back	   cell	  will	  
deliver	  a	  Voc	  of	  0.65V,	  and	  Jsc	  ~15	  mA/cm2.	  The	  combination	  will	  yield	  a	  Voc	  of	  1.4	  V	  
and	   Jsc	   ~	   15mA/cm2.	   When	   a	   fill	   factor	   of	   60%	   is	   obtained,	   a	   PCE	   of	   12.6%	   can	   be	  
achieved.	   	   Several	   inter-­‐connection	   layers	   will	   be	   used	   in	   device	   fabrication.	   The	  
conventional	   ZnO/PEDOT:PSS	   layer	   will	   be	   tried.8	   Later	   we	   will	   optimize	   large	   area	  
graphene/PEDOT:PSS	  layer	  as	  inter-­‐connection	  layers.	  	  It	  should	  also	  be	  noted	  that	  the	  
continuous	   optimization	   of	   single	   layer	   device	   always	   provides	   better	   photoactive	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materials	  and	  new	  device	  fabrication	  methods.	  The	  previous	  estimation	  is	  only	  based	  on	  
the	   current	   materials	   and	   moderate	   sub-­‐device	   performances.	   Higher	   PCE	   could	   be	  
obtained.	  
	  
Figure	   4.3	  Design	  of	   tandem	  OPV	  devices.	  The	  black	   line	   in-­‐between	   front	  device	  and	  
back	  device	  are	  inter-­‐connecting	  layers.	  Two	  material	  combinations	  (1:	  P3HT	  blends	  plus	  
pDPP	  blends;	  2:	  PTB7	  blends	  plus	  pDPP	  blends	  )	  will	  be	  used	  to	  fabricate	  devices.	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